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The addition of Tier 2 standards by United States Environmental Protection
Agency (EPA) has increased focus on emissions from light-duty vehicles. In this study, a
diesel-electric hybrid vehicle was used for testing under the Challenge X program. The
diesel engine was powered by a 20% soy-based biodiesel - 80% diesel blend, and the
electric motor received its energy from a 330 volt Nickle Metal Hydride battery pack.
The diesel engine, notorious for its high emissions of nitrogen oxides (NOx) and
particulate matter (PM), requires aftertreatment of these emissions to achieve Tier 2 EPA
compliance. The primary focus of this thesis is on the use of a urea injection selective
catalytic reduction (SCR) system to reduce NOx emissions. Also, a diesel particulate
filter (DPF) was employed for the purpose of PM reduction. Significant decreases in
both NOx and PM emissions were achieved.
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CHAPTER I
INTRODUCTION

Challenge X is a four-year student competition made possible by headline
sponsors General Motors (GM) and the U.S. Department of Energy (DOE). Teams from
17 universities throughout the United States and Canada were given the task of
redesigning a 2005 Chevrolet Equinox. The goal of the competition was to increase fuel
economy and decrease emissions, while maintaining or exceeding the performance of the
stock vehicle. The first year of the competition focused on simulation and modeling,
with each team using this time to select the powertrain components to be used in their
own vehicle. The second year of competition was designated to have the automobiles
prepared to be driven and tested, while the third year allows for vehicle refinement with a
focus on consumer acceptability. Finally, the recently added fourth year of the
competition provides additional time for improvements and is planned to conclude with a
road rally for all universities involved [1].
Mississippi State University’s Challenge X team elected to modify the Equinox
by converting it into a diesel-electric through-the-road parallel hybrid vehicle. This
configuration is accomplished by powering the front wheels with a diesel engine and the
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rear wheels with an electric motor. The two power sources are only coupled by the road,
resulting in the configuration being appropriately named through-the-road parallel hybrid.
Since the competition encourages the use of renewable energy sources, B-20 biodiesel,
provided by BP, is used to power the diesel engine, while the electric motor is batterypowered. The batteries are recharged by regenerative braking.
The United States is currently facing a serious issue in that the nation consumes
more oil than it can currently produce, thus the U. S. imports 58% of its oil requirements
[2]. Due to this dependence, the U. S. has been required to pay the market cost for
foreign oil. The price for a barrel of crude oil is currently under $60, but exceeded $70 as
recently as September 2006, and could eventually rise even higher [3]. With the future
price as well as supply of oil uncertain, the U.S. is focused on reducing its dependence on
foreign oil. The combination of increasing fuel economy by utilizing hybrid technology
and of using a renewable fuel source in a biodiesel blend could aid in alleviating U. S.
dependence on foreign oil.
In order for the MSU diesel-electric hybrid to contribute toward petroleum
conservation, it must be possible to distribute this product to the public. However, this
vehicle cannot be made available to the consumers unless the diesel engine conforms to
U. S. emissions regulations. Thus, the focus of this research is on the reduction of the
emissions of the MSU diesel-electric hybrid. Since a diesel engine is being employed,
the attention is placed on the reduction of oxides of nitrogen (NOx) and particulate matter
(PM). In order to achieve PM reduction, a diesel particulate filter (DPF) is used, while
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NOx reduction is accomplished via a urea injection Selective Catalytic Reduction (SCR)
system.
This thesis will begin by providing the background for diesel emissions and will
detail the decision process used to select the urea injection SCR system. Next, the
characterization of the B-20 fuel used for this competition is outlined. Also of interest
are the various pieces of equipment used to measure the emissions and how the
measurements are obtained. All of the components of the SCR system are then detailed
and discussed. Finally, performance tests were run to determine the reduction achieved
by the system. Analyses of the performance test results are discussed as are system
alterations in an attempt to improve emissions reduction. The revised system was then
tested, and the thesis concludes with recommendations as to how the reduction can be
maximized.

CHAPTER II
LITERATURE REVIEW

2.1 United States Light-Duty Vehicle Emissions Standards
The Environmental Protection Agency (EPA) increased the focus on light-duty
vehicle emissions as a part of the Clean Air Act Amendments (CAAA) of 1990 [4]. The
CAAA resulted in the establishment of Tier 1 and Tier 2 emissions standards. Tier 1
standards were phased in from 1994 to 1997, while Tier 2 standards were scheduled for
phase-in between 2004 to 2009.
Tier 1 standards for cars and light-duty trucks vary according to vehicle weight.
Tier 1 light-duty vehicles are divided into 5 categories: passenger cars, light light-duty
trucks (LLDTs) less than 3,750 pounds, LLDTs over 3,750 pounds, heavy light-duty
trucks (HLDTs) less than 5,750 pounds, and HLDTs over 5,750 pounds. The emissions
measured under Tier 1 standards are total hydrocarbons (THC), non-methane
hydrocarbons (NMHC), carbon monoxide (CO), oxides of nitrogen (NOx), and
particulate matter (PM). All emissions are measured in units of grams/mile (g/mile).
Table 2.1 shows the maximum allowable emissions limits for different categories as
specified by Tier 1 standards for vehicles with an estimated life of 10 years or 100,000
miles [2].
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Table 2.1.

Tier 1 EPA Standards for Passenger Cars and Light-Duty Trucks [5]

Category
Passenger
Cars
LLDT, LVW
< 3750 lbs
LLDT, LVW
> 3750 lbs.
HLDT,
ALVW <
5750 lbs.
HLDT,
ALVW >
5750 lbs.

4.2

NOx
(diesel)
(g/mile)
1.25

NOx
(gasoline)
(g/mile)
0.60

0.31

4.2

1.25

0.60

0.10

0.8

0.40

5.5

0.97

0.97

0.10

0.8

0.46

6.4

0.98

0.98

0.10

0.8

0.56

7.3

1.53

1.53

0.12

THC
(g/mile)

NMHC
(g/mile)

CO
(g/mile)

-

0.31

0.8

PM
(g/mile)
0.10

Tier 2 standards for each category of vehicles are more stringent. The emissions
specified in Tier 2 are similar to those in Tier 1 with two exceptions: NMHC and THC
are replaced by non-methane organic gases (NMOG) and formaldehyde (HCHO),
respectively. Tier 2 standards are not classified based on vehicle type and weight but are
instead divided into 11 bins, bins 1-10 and a medium-duty passenger vehicle (MDPV)
bin. Bins 9, 10, and MDPV are temporary bins and are only valid through the 2008
model year. The specific bin is selected by the vehicle manufacturer, with the criteria
that the manufacturer’s entire fleet of vehicles must have an average NOx value of less
than 0.07 g/mile. Tier 2 standards began the phase-in period for passenger cars in 2004
and all passenger cars must be in full compliance with the regulations by the 2007 model
year. Tier 2 standards are displayed in Table 2.2 [5].
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Table 2.2.

Tier 2 EPA Standards for Passenger Cars and Light-Duty Trucks [5]

Bin #

PM
(g/mile)

NOx
(g/mile)

NMOG
(g/mile)

CO
(g/mile)

Formaldehyde
(g/mile)

MDVP

0.12

0.90

0.280

7.3

0.032

10
9
8
7
6
5
4
3
2

0.08
0.06
0.02
0.02
0.01
0.01
0.01
0.01
0.01

0.60
0.30
0.20
0.15
0.10
0.07
0.04
0.03
0.02

0.156
0.090
0.125
0.090
0.090
0.090
0.070
0.055
0.010

4.2
4.2
4.2
4.2
4.2
4.2
2.1
2.1
2.1

0.018
0.018
0.018
0.018
0.018
0.018
0.011
0.011
0.004

1

0.00

0.00

0.000

0.0

0.000

Another component of emissions certification is the establishment of a
standardized drive cycle over which automobiles are tested. The primary drive cycle
used for emissions testing in the United States is the Federal Test Procedure (FTP-75).
The FTP-75 tests cold-start, transient, and hot-start emissions. The cycle is
approximately 11 miles long and lasts 1874 seconds, with an average speed of 21.2
miles/hour. The speed vs. time profile of the FTP-75 is shown in Figure 2.1. As evident
from the figure, the initial 505 seconds and the final 505 seconds of the cycle are
identical. This is done to compare the vehicle’s emissions when first operated to those
after the automobile has warmed-up [6].
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Figure 2.1.

The FTP-75 Drive Cycle [6]

In addition to the FTP-75, two additional tests were proposed to further evaluate
emissions. These tests were given the name Supplemental Federal Test Procedures
(SFTP) and were initially planned to be phased in between 2000 to 2002 but have not yet
been implemented. The SFTP, designed to test higher speeds and acceleration, is
designated as US06. The US06 procedure requires a top speed of 80.3 miles/hour and an
average speed of 48.4 miles/hour. The cycle covers just over 8 miles in 596 seconds.
The US06 drive cycle is illustrated in Figure 2.2. The second SFTP is the SC03. The
SC03 procedure targets emissions in warm/hot climates, where the vehicle’s airconditioner would be in use. The cycle is relatively mild, as it lasts only 596 seconds at
an average speed of 21.6 miles/hour, totaling a distance of 3.58 miles. The SC03 SFTP is
shown in Figure 2.3 [6].
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Figure 2.2.

The SFTP US06 Drive Cycle [6]

Figure 2.3.

The SFTP SC03 Drive Cycle [6]
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2.2 Formation of Harmful Emissions
In the present work, the vehicle is equipped with a diesel engine. Diesel engines
are especially popular in European countries, accounting for 49% of the European car
market in 2005 [7]. One reason for this popularity is that emissions standards in Europe
are more diesel-friendly. European standards allow higher levels of both NOx and PM,
but less tolerant of CO and HC, two gases that diesel engines emit in comparatively small
quantities [5, 8].
In an ideal situation, the combustion of diesel fuel would be achieved with the
only products being water vapor, carbon dioxide, and elemental nitrogen (N2). Equation
2.1 is the stoichiometric reaction for the combustion of light-diesel fuel in the engine [9].
In this reaction, all of the fuel completely reacts with air and no emissions regulated by
the EPA are created. In reality, the hydrocarbons undergo incomplete combustion,
resulting in the formation of harmful products such as HC’s, CO, NOx, and PM.

C12.3 H 22.2 + 17.85O 2 + 17.85(3.76) N 2 ⎯
⎯→12.3CO 2 + 11.1H 2 O + 17.85(3.76) N 2

(2.1)

It is also important to understand the strong dependence of this reaction on the airfuel ratio (AFR) and how AFR affects emission levels. The AFR is a mass ratio,
calculated by dividing the mass flow rate of the air in the combustion chamber by the
mass flow rate of the fuel injected, as shown in Eq. 2.2. For the reaction shown in Eq.
2.1, the AFR is approximately 14.4:1 (calculated in Appendix A). AFR values higher
than the stoichiometric value of 14.4:1 are considered lean air/fuel mixtures, while an
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AFR below the stoichiometric value is considered a rich air/fuel mixture. The AFR can
be a significant contributor to the emissions formed during combustion.
•

AFR =

m air

(2.2)

•

m fuel

The AFR is sometimes represented as a fuel equivalence ratio, φ (Eq. 2.3), which
is defined as the stoichiometric AFR divided by the actual AFR. Equivalence ratios less
than one represent lean conditions and equivalence ratios above one represent rich
conditions [9].
Φ=

AFR stoichiometric
AFR actual

(2.3)

Carbon Monoxide emissions are strongly influenced by the air-fuel ratio in the
cylinder. If the engine is operating rich, there will not be enough oxygen for carbon in
the fuel to be completely converted to CO2, leading to CO production. Although small
amounts of CO are formed when the engine is run at its stoichiometric value, diesel
engines are almost always operated lean, providing sufficient oxygen to accomplish
complete conversion of the fuel's carbon to CO2 [9, 10].
Hydrocarbon emissions are also commonly low in diesel engines, primarily due to
the higher efficiency of the engine, as HC emissions are mostly unburned hydrocarbons
in the fuel. A gasoline engine can potentially operate at 33% efficiency, while the diesel
engine is capable of 42% efficiency. The higher efficiency is due to the higher
compression ratio in diesel engines. In Eq. 2.4 [11], ηt is the maximum theoretical
efficiency, ε is the compression ratio of the engine, and κ is the specific heat ratio. The
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specific heat ratio, Eq. 2.5, is defined as the heat capacity at constant pressure (Cp)
divided by the heat capacity at constant volume (Cv).

ηt = 1 −
κ=

1

ε

κ −1

Cp
Cv

(2.4)

(2.5)

Hydrocarbon emissions are also affected by the AFR. As shown in Figure 2.4,
the combustion efficiency for a diesel engine is strongly related to the AFR. The figure
shows that as the operation of the engine becomes leaner, the combustion efficiency
dramatically increases. The increased combustion efficiency results in lower HC
emissions during lean operation. Due to the diesel engine’s normal lean operation, the
combustion efficiency is generally high [9, 10]. The combination of higher efficiencies
due to higher compression ratios and excess oxygen leads to low HC emissions for the
diesel engine. During high torque demands, the engine must operate at stoichiometric or
rich conditions. In these scenarios, CO and HC production will increase, but reduction of
these gases has been studied extensively and is successfully achieved by a diesel
oxidation catalyst (DOC). The DOC has been credited with 90% CO reduction and 91%
HC reduction [12]; thus, further study of these emissions is not included in the present
research.
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Figure 2.4.

Effect of AFR on Combustion Efficiency [9]

Nitrogen passes through the combustion chamber as an inert gas during an ideal
combustion reaction; however, the presence of nitrogen and oxygen in the combustion
chamber can result in the formation of NOx gases. The two basic mechanisms
responsible for formation of NOx are the Zeldovich mechanism and the Fenimore
mechanism. The main reactions in the Zeldovich mechanism are shown in Eqs. 2.6, 2.7,
and 2.8.
O • + N 2 → NO + N •

(2.6)

N • + O 2 → NO + O •

(2.7)

N • + • OH → NO + H •

(2.8)
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Each of these reactions is temperature dependent, and therefore, NOx formation is
also temperature dependent. The two reactions involving nitrogen radicals have lower
activation energies, with radical formation strongly influenced by temperature. The rate
constants and temperature range for each of the reactions are shown in Table 2.3.
Nitrogen radical formation is common at temperatures between 2500 to 3000 K,
temperatures that are often realized in an engine’s combustion chamber.
Table 2.3.

Rate Constants for Zeldovich Mechanism Reactions [10]
Rate Constant (cm3/mol*s)

Temperature
Range, K

Uncertainty,
factor of or %

NO + N •

7.6 × 1013 exp [-38,000/T]

2000-5000

2

N2 + O•

1.6 × 1013

300-5000

±20% at 300 K
2 at 2000-5000 K

(2) N •+ O2

NO + O•

6.4 × 109 exp [-3,150/T]

300-3000

±30% at 300-1500 K
2 at 3000 K

(-2) O• + NO

O2 +N •

1.5 × 109 exp [-19,500/T]

1000-3000

±30% at 1000 K
2 at 3000 K

NO + H •

4.1 × 1013

300-2500

±80%

OH + N •

2.0 × 1014 exp [-23,650/T]

2200-4500

2

Reaction
(1) O• + N2
(-1) N • + NO

(3) N • + •OH
(-3) H • + NO

•

The Fenimore mechanism is more complex as it involves fuel radicals, formed
during combustion, reacting with N2 to produce nitrogen radicals, amines, and cyano
compounds, shown by Eqs. 2.9 - 2.12 [13].
•

CH + N 2 → HCN + N •

(2.9)
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•

CH 2 + N 2 → HCN + NH

•

(2.10)

CH 2 + N 2 → H 2 CN + N •
•

(2.11)

C + N 2 → CN + N •

(2.12)

The cyano compounds formed are capable of reacting with oxygen radicals,
leading to the formation of cyanate and amine compounds. The nitrogen radicals and
amine compounds proceed to react with oxygen, hydrogen, and hydroxyl radicals,
leading to the formation of nitric oxide. Production of Nitric Oxide may occur by many
pathways. One possible pathway is seen in Eqs. 2.13 - 2.16 [13].

HCN + O • → NCO + H •

(2.13)

NCO + H • → NH + CO

(2.14)

NH + H • → N • + H 2

(2.15)

N • + OH → NO + H •

(2.16)

NO is the most common of the NOx gases, accounting for approximately 90% of
NOx in diesel exhaust [14]. NOx values are affected by AFR as the maximum
temperature occurs at stoichiometric conditions. NOx production is highest under slightly
lean conditions, due to the high temperatures coupled with slightly more oxygen
available to react with nitrogen radicals. Another parameter affecting NOx emissions is
the timing of the fuel injection. As shown in Figure 2.5, NOx values decrease as the
injection timing is delayed [10]. This is believed to be due to temperature differences
based on when the fuel is injected.
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Figure 2.5.

Various Parameters as a Function of Fuel Injection Timing with a Fuel
Equivalence Ratio of 0.69 and an Engine Speed of 2600 RPM [10]

Another emission of concern for the diesel engine is PM (particulate matter), also
known as soot. PM is comprised primarily of carbon molecule clusters, but at
temperatures below 500 °C, the clusters are coated with heavy organic compounds and
certain inorganic species. Air-fuel ratio plays a role in the formation of PM, as the
carbon molecules that make up PM will generally react with oxygen to form carbon
dioxide, if oxygen is available. Since the diesel is generally operated lean, approximately
90% of the carbon particles generated are converted to carbon dioxide and are not emitted
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as soot. PM production is a greater problem when the engine is under high load where a
fuel rich environment is required [9, 10].
Fuel injection timing can also significantly affect the PM produced. In Figure 2.5,
PM emissions are represented as the smoke number; it is observed that earlier injection
decreases PM. Therefore, there is a trade-off with respect to injection timing, in the
effects on NOx and PM [9, 10].
2.3 Biodiesel

In recent years, a significant effort has been made to develop renewable energy
sources. One such renewable energy product that holds great promise is biodiesel.
Biodiesel consists of alkyl monoesters of fatty acids and has properties similar to that of
diesel fuel [13]. These similarities give it the ability to power a diesel engine. A few
differences do exist between diesel and biodiesel, and as a result, biodiesel is commonly
mixed with regular diesel to make a blend compatible with a diesel engine [15]. For the
Challenge X project, the fuel used was a blend of 80% ultra low sulfur diesel and 20%
soy-based biodiesel. This section provides an overview of how biodiesel is produced,
how its properties compare to regular diesel fuel, and how its use affects engine
operation.
The production of biodiesel is possible using a variety of feedstocks. In order
for a feedstock to be used to produce biodiesel, triacylglycerols must be present. The
triacylglycerols are converted to ethyl or methyl esters (biodiesel) by the
transesterification process. Transesterification is a reaction between the triacylglycerols
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and an alcohol, generally methanol or ethanol, with the reaction typically catalyzed by a
base, but sometimes an acid catalyst is employed. The product formed depends on
whether methanol or ethanol is used in the reaction. If methanol is used, the product is a
methyl ester, while the use of ethanol results in the production of an ethyl ester.
Transesterification with methanol is pictured in Figure 2.6.

Figure 2.6.

Mechanism for Transesterification to Produce Methyl Ester Biodiesel [16]

Vegetable oils such as soybean oil, peanut oil, and rapeseed oil, are common
feedstocks for biodiesel [16]. Other sources that are increasing in popularity are greases
and used vegetable oils. These alternatives are particularly interesting because they are
cheaper sources for biodiesel, but are more difficult to convert due to the free fatty acid
content of these used oils. Free fatty acid levels must be below 15% for an oil to be
converted. The presence of these free fatty acids causes soap formation in the presence
of a base catalyst [17].
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Another important factor when considering biodiesel as an alternative to diesel
fuel is the effect it will have on emissions. Studies have shown that biodiesel consistently
emits lower levels of HC, CO, and PM emissions compared to No.2 diesel. In a study
performed by Canakci et al. [17], the use of a 20% biodiesel blend produced a 7.5%
decrease in CO emissions, while pure biodiesel produced an 18.2% decrease in CO
emissions. In the same study, HC emissions showed a 3.1% decrease with 20% biodiesel
and a 46.3% decrease when pure biodiesel was used. In this experiment, a smoke number
test was performed to make inferences about the effect of biodiesel on PM. Smoke
number reductions were as high as 16.8% for a 20% biodiesel blend with pure biodiesel
achieving 64.2% reductions. The presence of 10-11% oxygen by weight in biodiesel is
commonly used as an explanation for the observed reductions of HC, CO, and PM, as
No. 2 diesel contains no oxygen [17].
While reductions were noted for HC, CO, and PM emissions, the opposite is true
with respect to NOx . The experiment performed by Canakci et al. [17] showed a 1.5%
increase in NOx emissions for 20% biodiesel blend; however, pure biodiesel resulted in a
13.1% NOx production increase. In a separate test performed by Serdari et al. [18], NOx
values were tested for diesel fuel and for a 10% biodiesel blend. Results from this
experiment also showed an overall increase in NOx for the biodiesel as the range varied
from a 6% decrease to a 17% increase in emissions. This range supports the fact that
biodiesel has a tendency to increase NOx emissions, but this experiment alone does not
provide significant statistical evidence. The effect of biodiesel on NOx emissions is of
particular concern as NOx emissions are stringently regulated in the U.S.
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There have been many different attempts to explain the additional NOx formed by
biodiesel. One explanation is due to the higher bulk modulus, leading to biodiesel being
injected sooner than diesel fuel [13, 19]. The result of this early injection results in
increased NOx values and could possibly explain the PM reductions, as observed in
Figure 2.5. While this is a plausible explanation, later work demonstrated that the earlier
injection did increase NOx, but failed to account for the entire increase in NOx [13, 20].
Others have noted an increase in the iodine values of biodiesel (iodine values are
representative of the double bonds available) as a possible cause of the increased NOx
values [13, 21]. The occurrence of these double bonds is known to promote the
formation of radicals and, therefore, could also be responsible for the increase in NOx
[13, 22]. Another explanation is the oxygen content in biodiesel. Figure 2.7 illustrates a
test that was performed to measure percent change of NOx and PM as the weight percent
of oxygen in biodiesel was increased. The overall trend indicated that an increase in
oxygen was accompanied by an increase in NOx [23]. Thus, the NOx increase cannot be
attributed to a single factor but is the result of many factors.
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Figure 2.7.

Percent Change in NOx and PM as a Function of Weight Percent Oxygen
[23]

Biodiesel properties are similar to the properties of regular diesel fuel. An
extensive test was performed comparing many characteristics of eight different biodiesel
blends to No. 2 diesel fuel; results are shown in Table 2.4 [24]. The fuels listed in the
table are abbreviated as follows: rapeseed methyl ester (RME), rapeseed ethyl ester
(REE), canola methyl ester (CME), canola ethyl ester (CEE), beef tallow methyl ester
(TME), beef tallow ethyl ester (TEE), soy methyl ester (SME), soy ethyl ester (SEE),
Midwest Biofuels methyl soyate (MWF), and low-sulfur No. 2 diesel (D2). Comparison
of the flash point and the boiling point of these biodiesel fuels with D2 indicates that
biodiesel has a much larger flash point and much larger boiling point, both of which are
desirable characteristics. Another desirable characteristic of biodiesel is its much lower
sulfur content, which is beneficial as government regulations are becoming increasingly
stringent on sulfur levels. The new federal regulations require refiners to produce on-
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highway diesel with a maximum sulfur concentration of 15 ppm by weight, known as
ultra-low sulfur diesel (ULSD) [25]. Another important characteristic is the cetane
number of the fuels. Biodiesels vary in cetane number (CN) based on the source from
which it is produced. The specific gravities of the biodiesel blends and D2 are similar
and allow for good blending of the fuels.
One undesirable property of biodiesel is that the cloud point is considerably lower
for biodiesel compared to D2. This could pose a problem for biodiesel use in cold
regions where the fuel may begin to freeze [26]. Another undesirable property for
biodiesel compared to D2 is its reduced heat of combustion, which results in reduced fuel
economy and torque. Finally, there is a significant difference in the viscosity of biodiesel
and No. 2 diesel, with biodiesel being significantly more viscous than regular diesel fuel.
This could lead to problems when pure biodiesel is used, but could prove beneficial when
producing an ultra-low sulfur biodiesel blend.
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Table 2.4.

Characteristics of Different Biodiesels in Comparison to D2 [24]
RME REE CME CEE TME TEE SME SEE MWF

D2

Specific gravity

0.880 0.876 0.881 0.878 0.874 0.869 0.886 0.881 0.885 0.850

Viscosity, cSt @ 40°C

5.65

6.17

4.75

4.89

4.41

5.04

3.89

4.49

3.90

2.98

Cloud Point (°C)

0

-2

1

-1

16

14

3

0

-1

-12

Pour Point (°C)

-15

-15

-9

-6

14

12

-3

-3

0

-20

Flash Point (°C)

179

185

163

177

160

185

188

171

185

87

Boiling Point (°C)

347

273

334

346

313

327

339

357
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186

Water and Sediment
(% vol)
Carbon Residue
(% mass)

<0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 <0.005
0.080 0.060 0.065 0.070 0.056 0.052 0.068 0.071 0.082 0.160

Ash (% mass)

0.002 0.002 0.002

Sulfur (% wt)

0.012 0.014 0.009 0.009 0.010 0.009 0.012 0.008 0.020 0.036

Cetane Number

61.8

Heat of Combustion,
gross (MJ/kg)

40.54 40.51 39.90 40.03 39.92 40.09 39.77 39.96 39.61 45.42

Copper Corrosion

1A

Karl Fischer Water
757
(ppm)
Particulate Matter
(mg/L)
Total 1.1
Non-Combustible <0.1

64.9

57.9

0

59.6

0.001

72.7

1A

0

72.4

1A

0

54.8

1A

1A

1A

1A

761

1087

1119

1.9

0.9

1.1

1.9

0.8

0.9

0.9

0.1

0.1

0.9

<0.1

11

12

12

9

10

0

52.7

1A

0.001 0.002

58.4

46

1A

1A

759

38

1.1

15.65

0.9

<0.1

0.1

2.15

<0.1

1

2

5.7

1142 1005 1062 1200

Elemental Analysis
Nitrogen (ppm)
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Carbon (%) 78.70 76.83 77.67 76.71 76.42 76.58 82.44 83.40 77.54 86.67
Hydrogen (%) 12.66 11.50 12.57 11.38 12.59 11.57 12.90 11.87 11.64 12.98
Oxygen (%) 9.22

11.36

9.75

11.90 10.98 11.84 4.65

4.72

10.82

Acid Value

0.128 0.097 0.104 0.141 0.114 0.096 0.111 0.100 0.180 0.002

Iodine Number

91.9

96.7

102.8 101.6

49.1

47.2 103.6 43.0

81.3

9.0
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The cetane number (CN) is an index that defines a fuel’s tendency to ignite under
compression. The name was assigned, based on the high tendency of cetane to ignite,
and thus, cetane is assigned a CN of 100. On the opposite end of the scale,
heptamethylnonane is more difficult to ignite and is assigned a CN of 15 [27]. When
looking at the molecular structure, there are several factors that influence a chemical’s
CN. The first factor is the number of CH2 groups present. An increase in the number of
these groups will increase the CN. The presence of double bonds and the branching of
compounds also have an effect, with both resulting in a decreased CN. Therefore,
chemicals with long, saturated chains have higher cetane numbers [28]. The chemical
structures of cetane and heptamethylnonane are shown in Figures 2.8 and 2.9, and
demonstrate the strong effect of branching on CN as the chemical formula for each
molecules is the same. The importance of the CN is to ensure that the ignition of the fuel
occurs at the ideal moment. If the CN is too low, fuel will be wasted, but if the CN is too
high, combustion will occur too early, causing a loss of power. Diesel fuels commonly
have a CN between 40 and 50, with a 40-46 range for regular diesel and a 45-50 range for
premium diesel [27]. In the test performed by Peterson et al. (shown in Table 2.4), eight
different biodiesel blends possessed CNs ranging from 52.7 to 72.7 [24]. It is clear that
biodiesel has the capability to produce sufficient CNs, but engine tuning may be required
in order to achieve optimum engine efficiency for some of the fuels.
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Figure 2.8.

Chemical Structure of Cetane, C16H34, with a Cetane Number of 100 [29]

Figure 2.9.

Chemical Structure of Heptamethylnone, C16H34, with a Cetane Number of
15 [29]

Examination of the viscosity data in Table 2.4 gives insight into the increased
viscosity in biodiesel blends. The viscosity of biodiesel blends ranges from a 31 to 107%
increase over the viscosity of the No. 2 diesel. A main concern with regards to use of
biodiesel in an unmodified diesel engine is the injector coking, which is an effect of this
increase in viscosity. The amount of injector coking in the test performed by Peterson et.
al. was directly related to the viscosity of the fuel used. While this initially may appear to
be problematic, the new regulations currently being implemented that require a reduction

25
in diesel fuel’s sulfur content may help resolve this issue. This new regulation, a part of
the ULSD regulations, took effect on June 1, 2006, and requires that 80% of the diesel
currently produced by refiners be ULSD, and that production reach 100% ULSD by May
2010 [30].
Sulfur is a commonly known lubricant for diesel fuel, and its removal could cause
excess wear on the high-pressure pump as well as injectors. Due to biodiesel’s high
viscosity and low sulfur content, an obvious solution to ULSD’s lubricity problems is to
create a biodiesel blend. Tested biodiesel blends have proven to provide a significant
increase in lubricity, but the ULSD lowers the viscosity enough that injector coking is not
an issue [31]. The 20% biodiesel and 80% diesel blend used in the Challenge X
competition can operate in a diesel engine without engine modifications.
Further examination of the data in Table 2.4 shows a significant decrease in the
heat of combustion for biodiesel blends when compared to No. 2 diesel. The heat of
combustion decreases, with decreases ranging from 11-13%. Testing of these fuels
proved that the thermal efficiency remains approximately the same for both biodiesel
blends and No. 2 diesel. However, the lower heat of combustion values result in an
increase in fuel consumption and a decrease in power. The work performed by Peterson
et al. shows that the biodiesel fuels average a 4.9% decrease in power and a 7% increase
in fuel consumption [24]. Blending of these biodiesel fuels with No. 2 diesel will allow
for the decrease in power and increase in fuel consumption to be reduced.
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2.4 NOx Reduction Component Selection

When attempting to reduce NOx from automotive emissions, there are three
technologies that seem to be the most popular: the three-way catalyst, the lean-NOx trap,
and the urea injection selective catalytic reduction (SCR) catalyst. The three-way
catalyst is effective for NOx reduction, but only in a limited range. In order to operate
most efficiently, the catalyst must experience from 0.3 to 0.5% oxygen in the exhaust
stream [32]. The lean operation of a diesel engine provides much higher oxygen content
than this desirable level. As a result, the three-way catalyst was deemed not effective for
NOx reduction for the Challenge X competition vehicle.
The next NOx reduction technique considered was the lean-NOx trap (LNT). The
LNT works on the principle that NOx is adsorbed during normal lean operation and
regenerated by a rich regeneration when the catalyst nears its maximum capacity [33].
Previous studies were performed in which a LNT was used to reduce NOx on light-duty
vehicles. In one study, the LNT was used on a 4-cylinder, 2.0 L, turbocharged direct
injection diesel engine. The study yielded results of 80% NOx reduction on the Japanese
10-15 mode drive cycle [34]. Another test using the LNT for light-duty application was
performed on a 5.9 L light-duty truck engine. For this test, the LNT accomplished an
average of 72% NOx reduction for the cold-start portion of the FTP-75 cycle and
approximately 87% conversion for the hot-start portion [35]. While these are promising
reductions, altering the fuel injection strategy of the engine to add the additional fuel
required for catalyst regeneration would be a very challenging task. Another issue with
the LNT is the narrow operating window with regards to efficiency. At a space velocity
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of 30,000 h-1, the temperatures at which NOx efficiency will exceed 90% are from 275425 °C [36].
The final NOx aftertreatment considered was the SCR system with urea injection.
A review of the pertinent literature indicated that high NOx reduction was possible
through the use of SCR technology. Several papers documented NOx conversions
between 90-100% under desirable operating conditions [37, 38, 39, 40, 41]. The research
performed in these articles also emphasized the importance of temperature upon the
reaction. Perhaps more important in the determination of how effective urea SCR could
be for this competition were the previous studies measuring the effectiveness of a urea
SCR system in light-duty vehicles. A study performed on a 1.8 L turbocharged direct
injection diesel engine accomplished 92% NOx conversion for the FTP-75 and 83%
reduction for the US06. This study also included data showing 95% NOx reduction at
temperatures as low as 200 ºC [42]. The urea SCR system was also tested on a light-duty
truck with 82% NOx reduction being achieved [43]. The study which measured the
operating temperature window of the LNT system, also measured the window for the
urea SCR system. It was found that under the same conditions, the urea SCR system was
able to accomplish in excess of 95% conversion for a temperature range of 175-400 °C
[36].
After analyzing the reduction potentials and the feasibility for use in this
competition, it was determined that the urea SCR system was the best option. The SCR
catalyst requires ammonia to react with the NOx gases on the catalyst surface to produce
elemental nitrogen and water. A common practice in automotive applications is to use
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urea as the ammonia source. Urea decomposes into two moles of ammonia upon entering
the exhaust stream and is preferred due to the fact that it is more stable than ammonia,
resulting in easier transportation and lower toxicity. The chemical reactions responsible
for the urea decomposition are [29, 36]:

heat

HNCO + NH3

(2.17)

CO2 + NH3

(2.18)

heat, H2O
HNCO

In the first reaction, Eq. 2.17, urea is broken down into isocyanic acid and
ammonia. This reaction requires heat in order for the decomposition to take place. The
reaction in Eq. 2.17 is endothermic as the ΔH298 is +186 kJ/mol. The next step in the
decomposition process, shown in Eq. 2. 18, is the breaking down of isocyanic acid into
carbon dioxide and ammonia, generating the second molecule of ammonia available from
urea. The decomposition of isocyanic acid requires heat as well as water, as the
breakdown of isocyanic acid is a hydrolysis reaction. This second reaction has a ΔH298 of
-96 kJ/mol. Isocyanic acid decomposition has been observed to occur mostly on the
surface of the SCR catalyst. The overall urea decomposition process is endothermic. The
end result is that one mole of urea produces two moles of ammonia [44].
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The temperatures required to accomplish these decompositions is not specifically
known. One study states that urea decomposition begins at 195 ºC and is completed at
290 ºC, while other studies show that the first reaction occurs around 120 ºC while the
second occurs around 160º C [37, 45]. Further work was performed to understand the
required temperatures for the reaction in Eq. 2.18 using isocyanic acid on the surface of
various SCR catalysts. The conclusions of the study were that isocyanic acid
decomposed fastest on a pure titanium dioxide (TiO2) catalyst, with the required
temperature increasing as vanadium and tungsten were added. Although the exact
composition of the vanadium pentoxide catalyst used in this project was not provided, it
is known that small amounts of tungsten were utilized. According to Kleemanan et al.,
this composition will result in at least 93% conversion of the isocyanic acid at 200 ºC
[46].
2.5 SCR Catalyst Chemistry

After determining that the urea SCR was to be implemented, the next step was to
identify two types of SCR catalysts to be acquired for the Challenge X tests. Although
the exact compositions of the acquired catalysts are unknown, the two basic types are
vanadium pentoxide (V2O5) and zeolite catalysts. These are the two SCR catalysts
encountered most frequently in literature and were also the most easily attained for this
work.
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2.5.1 Vanadium Pentoxide SCR Catalyst

The V2O5 catalyst is commonly used because of its effectiveness, but another
reason for its popularity is due to its resistance to SO2 poisoning. Many SCR catalysts
cannot survive in the diesel exhaust stream with its typical high levels of SO2 in the gas;
however, the new ULSD regulation (reducing sulfur emissions) will allow for the future
consideration of catalysts that would be susceptible to SO2 poisoning [47]. The
percentage of V2O5 on the catalyst is generally very low, often from 1-5%. The V2O5
catalysts are also composed WO3 or MoO3, which serve as both chemical and physical
promoters. TiO2 is commonly used as the support for the V2O5 catalysts [44].
In a study performed involving the SCR reaction of NO with NH3, it was reported
that two mechanisms modeled the reaction taking place most accurately. For
temperatures below 200 °C, the Langmuir-Hinshelwood (LH) mechanism was the
pathway utilized for NO reduction, and at temperatures above 200 °C, more specifically
200-475 °C, the Eley-Rideal (ER) pathway was taken [47]. For the temperature region in
which the LH reaction is believed to occur, the NO and NH3 molecules would adsorb to
adjacent catalyst sites [48]. Following the adsorption, the molecules would then react
with each other on the surface of the catalyst to form the desired products of N2 and H2O.
It is proposed that the reason for the LH reaction at low temperatures and not at higher
temperatures is due to the adsorption characteristics of NO. As evident in Figure 2.10,
the adsorption of NO is weak at low temperatures, and becomes virtually non-existent at
200 ºC [47]. This weak adsorption at low temperatures causes slow reaction by the LH
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mechanism, and the lack of absorption at higher temperatures prevents the LH pathway
from being used at all.

Figure 2.10.

Graphical Representation of Temperature Effects on Coverage of NO, O2,
and NH3 for a V2O5 Catalyst [47]

The other pathway is the ER mechanism. The ER mechanism takes place for the
SCR reaction with the NH3 adsorbing to the catalyst, and the NO molecule reacts with the
NH3 molecule instead of the catalyst [48]. The molecules react and form N2 and H2O just
as in the LH mechanism. As shown in Figure 2.11, the reaction rates are much higher for
the ER mechanism, especially as the temperature increases. From information provided
in the figure, the reaction rate at 425 °C following the ER mechanism is approximately
4000 times faster than the reaction rate at 200 °C under the LH mechanism [47].
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Figure 2.11.

Reaction Rate as a Function of Temperature is Depicted for the LH-SCR
Reaction (A) and for the ER-SCR Reaction (B) [47]

While the ER and LH mechanisms provide a good pathway for the reaction taking
place, the authors of the study believe that, in order to provide a more complete
explanation of what takes place, a three-step mechanism must be considered. The
proposed three-step mechanism is shown here, where M is the ammonia adsorption site
and S is the reactive site [47]:
Step 1:

NH 3 + M ⇔ NH 3 − M

(2.16)

Step 2:

NH 3 − M + S ⇔ NH 3 − S + M

(2.17)

Step 3: NO + NH 3 − S ⇔ N 2 + H 2 O + S

(2.18)

In a study performed by Jug et al., the reaction scheme was shown to be much
more complex. As shown below in Figure 2.12, the mechanism proposed by Jug and co-
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workers takes 24 steps from initial adsorption of NH3 to the completion of the reaction
and the catalyst is ready for further reactions. Also, the mechanism proposed in the
figure follows Eley-Rideal kinetics [49].

Figure 2.12.

24-Step Reaction Scheme Proposed for the SCR Reaction of NO with NH3
to Form H2O and N2 [49]
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In research performed by Roduit et al., a catalyst, which contained 3 wt. %
V2O5/TiO2, was found to have an activation energy of 75.6 kJ/mol [47]. Next a catalyst
which possessed 1 wt. % V2O5/TiO2 was tested, yielding a higher activation energy of
89.9 kJ/mol. The next step performed was to determine the adsorption energy of
ammonia on the catalyst. The authors calculated an adsorption energy of -139.2 kJ/mol,
although others have found adsorption values as low as -52.5 kJ/mol for this same type of
catalyst [47, 50]. Also, NH3 adsorption energies were calculated in the study by Jug et al.
with values of -117 kJ/mol and -128 kJ/mol. Both the activation and adsorption energies
are critical to the overall effectiveness of the catalyst. The calculated values for kinetic
constants obtained by Roduit et al. are shown in Table 2.5 [47].
Table 2.5. Calculated Values for Kinetic Constants using Linear Regression [47]
Catalysts

AER, m3/kg*s

EER, kJ/mol

H, kJ/mol

ΔHNH3 ,
kJ/mol

Hϋls

1.20 × 109 ±1.01

101.9 ±4.13

n/a

n/a

1wt % V2O5
3 wt %
V2O5

1.20 × 107 ±0.18

89.9 ±0.92

-42.9 ±0.47

-139.2 ±3.73

1.20 × 106 ±0.29

75.6 ±1.30

-52.8 ±2.87

n/a

2.5.2 Zeolite SCR Catalyst

Another type of catalyst used for SCR reduction is the zeolite catalyst. Zeolites
are crystalline solids composed of AlO4 and SiO4 tetrahedral sites. There are over 130
different types of zeolites, but the ZSM-5 zeolite catalyst is most commonly used for
SCR reactions. The ZSM-5 catalysts are mostly composed of Si, with common Si/Al
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ratios between 10:1 and 23:1. Transition metals are generally substituted into the zeolite.
The most effective transition metal for the purpose of SCR reaction has proven to be
copper. Selective catalytic reduction reactions using a Cu-zeolite catalyst have been
hypothesized to also follow the Eley-Rideal reaction process [51].
In-depth research of the zeolite catalyst was performed by Gieshoff et al. [52].
For the testing performed, a variety of zeolite catalysts were studied. One catalyst was
known to be a copper zeolite catalyst, but the metals used with the other zeolite catalysts
are unknown. In the first series of tests, the catalysts were exposed to only NO and NH3
gases. For this test, the maximum reduction seen was 80%, which occured at 300 ºC.
While the NO reduction values overall were quite low, the next test considered a stream
of gas with NO2 and NH3 only. For this second test, NO2 reductions greater than 90%
were achieved at temperatures as low as 175 ºC. Since a diesel oxidation catalyst (DOC)
often converts NO to NO2, this test demonstrated that a zeolite catalyst would be most
effective downstream of a DOC. Research of this topic provides evidence that the zeolite
catalyst is a worthy candidate for accomplishing urea SCR NOx reduction.

CHAPTER III
EXPERIMENTAL SETUP

The United States Environmental Protection Agency (EPA) regulates carbon
monoxide (CO), formaldehyde, oxides of nitrogen (NOx), particulate matter (PM), and
non-methane organic gas (NMOG) emissions from automobiles. In the current effort,
emissions testing is required for the hybrid-electric Chevrolet Equinox, converted by
MSU’s Challenge X team. The hybrid vehicle is powered by a 1.9L GM diesel engine
and a Ballard electric motor. For the Challenge X competition, the goals set forth were to
create a vehicle that complies with the EPA’s Tier 2 Bin 5 standards, shown in Table 3.1.
As discussed in section 2.2, diesel engine emissions of CO, formaldehyde, and NMOG
(non-methane organic gases) are minimal; thus, only emissions of PM and NOx are
measured in this study. In order to reduce the NOx and PM emissions levels to their Tier
2 Bin 5 target values, post-treatment of the engine exhaust is required. Tier 2 standards
set forth by the EPA contain 11 bins, with 3 of these bins being temporarily allowed until
the phase-in is completed. Phase-in must be completed by 2007 for passenger cars. The
manufacturer chooses the bin standards to which a particular vehicle will comply;
however, the overall light-duty fleet for each manufacturer must have an average NOx
output of less than 0.07 grams per mile, the same as for Tier 2 Bin 5. The entire Tier 2
standards are listed in Appendix B, while Tier 2 Bin 5 regulations are shown in Table 3.1.
36
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NOx reduction in this work is to be accomplished through the use of urea injection, with
the reduction reaction taking place over a selective catalytic reduction (SCR) catalyst.
PM reduction is to be accomplished through use of a diesel particulate filter (DPF).
Table 3.1.

Tier 2 Bin 5 Standards as Established by EPA [5]
Tier 2 -Bin 5

PM (g/mile) NOx (g/mile)

0.01

0.07

Non-methane
Organic Gases
(g/mile)

CO (g/mile)

Formaldehyde
(g/mile)

0.09

4.2

0.018

In this chapter, the equipment and experimental procedure used to perform
emissions testing and achieve the desired reductions are detailed. In Section 3.1, the
experiments were used to test the B-20 (20% biodiesel – 80% diesel) biodiesel blend used
in this competition. Section 3.2 provides details regarding the vehicle being tested, as
well as the 4-wheel chassis dynamometer on which the vehicle is being tested. In Section
3.3, the equipment and methods used to measure and record the data are discussed in
detail. Section 3.4 describes the aftertreatment system setup, regarding both the DPF and
SCR systems used to achieve the desired emissions reduction. Section 3.5 summarizes
the test procedure used to test exhaust temperature from the engine. Section 3.6 includes
procedures on how the urea injection map is determined, and the seventh section covers
the techniques used to calibrate the injectors. Finally, this chapter will conclude with
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Section 3.7, which explains the procedures used for the different stages of emissions
testing.

3.1 B-20 Characterization Setup

Details on the materials as well as the procedure used to perform the tests on the
B-20 biodiesel used in this study are provided in this section. The majority of the testing
was performed at the Swalm School of Chemical Engineering on the campus of
Mississippi State University, while the cetane number and API gravity testing were
performed at Mississippi State’s Petroleum Laboratory.

3.1.1 Flash Point

The flash point of a substance is defined as the lowest temperature, corrected to a
pressure of 101.325 kPa, at which a test flame causes the substance’s vapor to ignite.
The device used for this experiment was a Herzog HFP360 Automatic Pensky-Martens
closed cup flash point tester, shown in Figure 3.1. This piece of equipment followed
guidelines set by ASTM D 93 [53].
The materials required were:
1. Cup constructed of brass or other non-rusting metal;
2. Cover constructed of brass with rim projecting downward with a locking
device;
3. Spring operated shutter located on the cover;
4. Flame-exposure device with a stainless steel tip;

39
5. A stirring device consisting of two metal propellers must be attached to the
cover;
6. Stove to supply heat to the cup;
7. Air bath with a cylindrical interior;
8. Thermometer of appropriate temperature range is also required for this
experiment.
The following procedure was followed to perform the test:
1. Clean and dry cup to fully remove previous contents;
2. Fill sample in cup to the line on the interior of the cup;
3. Place lid on the cup and set in the stove;
4. Ensure that device is locked into place;
5. Insert thermometer and place test flame in proper area;
6. Lower test flame into vapor area for 1 second for flash point detection once
expected temperature is near;
7. Small flame will indicate the flash point has been reached. The Herzog
HFP 360 uses thermal detection;

Figure 3.1.

Flash Point Testing on the Challenge X B-20
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3.1.2 API Gravity

API gravity is a measurement gravity scale established by the American
Petroleum Institute and is generally used by the petroleum industry. The API gravity can
also be easily converted to specific gravity for more common uses. The test used for this
experiment followed ASTM D 287. This procedure is often called the hydrometer
method, which is based on the depth of immersion of a floating body in a given liquid
[54].
The following materials were used to perform this test:
1. Hydrometer;
2. Thermometer with a maximum of ±0.25º F of error;
3. Hydrometer cylinder to hold the fuel.
The test procedure was:
1. Pour the B-20 sample into a hydrometer cylinder;
2. Record the temperature of the sample;
3. Place the hydrometer in the cylinder;
4. Measure the API value given by the hydrometer;
5. Correct the API value to its 60º F equivalent using tables in guide D1250.

3.1.3 Cloud Point

The cloud point is defined as the temperature at which wax crystals first appear as
a liquid is cooled. Cloud formation in the fuel increases viscosity and could affect
performance and injection timing. The equipment used for this test was the CPP 5Gs
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manufactured by ISL. The CPP 5Gs tests the cloud point according to ASTM D 2500
[55]. A picture taken during the cloud point test is shown in Figure 3.2.
The following materials were required to perform this test:
1. Clear, cylindrical test jar with a flat bottom and the approximate dimensions
of 34 mm OD with 31 mm ID with a wall thickness less than 1.6 mm;
2. Jar with a sample line at height of approximately 54 mm;
3. Thermometer with range of -38 to 50º C;
4. Cylindrical jacket with flat bottom with estimated ID of 45 mm and depth
of 115 mm;
5. 6 mm cork or felt disk to be placed inside jacket;
6. Ring gasket about 5 mm thick to fit tightly around test jar and loosely inside
jacket;
7. Bath with firm support ;
The procedure followed for this experiment was:
1. Bring oil to a temperature of at least 14º C above estimated cloud point
temperature;
2. Pour B-20 into jar up to the aforementioned sample line;
3. Close jar tightly;
4. Ensure disk, gasket, and inside of jacket are clean and dry;
5. The CPP 5Gs checks for cloud formation at each integer value (cloud
formation is detected by this unit using an optical detection system [56]).
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Figure 3.2.

Cloud Point Testing for the B-20 used in the Challenge X Competition

3.1.4 Cetane Number

Cetane number is a measure of the ignition performance of a diesel fuel. The
number is found by comparing the ignition delay of the fuel being tested to the ignition
delay of a reference fuel. Ignition delay is the time from start of fuel injection to
combustion and is measured in degrees of crank angle rotation. For the purpose of this
test, a handwheel was used to change the compression ratio, which will eventually allow
the ignition delay to be found. Two reference fuels will be tested using this given value
and then a simple calculation is performed to obtain the fuel’s cetane number. It is
helpful to have an idea of the range of the cetane number for the fuel to be tested, so that
the two reference fuels will be relatively close in cetane number, providing for more
accurate results. The test procedure used followed ASTM D 613, and the test being
performed is shown in Figure 3.3 [57].
The following materials were required to perform the test:
1. Single cylinder engine with specifications as discussed in ASTM method
D613;
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2. Cetane meter which measures ignition delay;
3. Two - 500 mL volumetric burets to mix the reference fuels;
4. Cylinder jacket coolant;
5. Reference fuels known as T fuel with cetane number of 76 and U fuel with
a cetane number of 19.4;
The procedure for the cetane number test was:
1. Warm the engine for 1 hour;
2. Mix the T fuel and the U fuel so as to get high and low reference fuels
which surround the cetane number of the sample;
3. Introduce fuels at a flow rate of 13 mL/min;
4. Set the fuel injection timing to a value of 13.0 ± 0.2º of crank angle rotation
injection advance reading;
5. Set the ignition delay to a value of 13.0 ± 0.2 º of crank angle rotation;
6. Record the handwheel reading for each fuel when the previous three
conditions are met;
7. The sequence of testing followed was low reference fuel (LRF), sample,
high reference fuel (HRF), sample, HRF, sample, and finally LRF.
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Figure 3.3.

Cetane Number Testing at the MSU Petroleum Laboratory

3.1.5 Carbon Residue

Carbon residue is the remains after thermal decomposition of a sample and may
consist of products other than carbon. The carbon residue test is used to verify the
amount of residue formed after the petroleum product is placed under a given set of
conditions. This test involves a sample of known weight being heated to 500 ºC in a
nitrogen atmosphere. The nitrogen removes the volatiles left behind following the
reaction and the remaining substance is termed the carbon residue. The measurement
was performed using an Alcor MCRT-160 micro carbon residue tester, which operates in
compliance with ASTM D 4530. Figure 3.4 shows the samples being placed into the
micro carbon residue tester [58].
The materials required for this test were:
1. Three glass vials with two mL capacity, 12 mm OD and height of 35 mm;
2. Eye dropper for sample transfer;
3. Cooking oven capable of heating 10-40 ºC/min up to 500 ºC with exhaust
port;
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4. Cylindrical vial holder made of aluminum sized to hold the vials firmly;
5. Thermocouple with exterior temperature readout in ºC;
6. Balance with accuracy of ±0.1 mg;
7. Zero grade nitrogen with 2-stage regulator (0 to 200 kPa).
The procedure for determining the amount of carbon residue was:
1. Weigh clean sample vials and record the weight of each, handling the vials
with forceps to avoid weighing errors;
2. Stir the sample to ensure uniformity of mixture;
3. Transfer the sample into one of the vials and record weight to nearest 0.1
mg;
4. Place samples into vial holder and then place holder into oven chamber with
initial temperature below 100 ºC;
5. Purge with nitrogen for 10 minutes at 600 mL/min, then decrease rate to
150 mL/min as oven is heating to 500 ºC at 10-15 ºC/min (foaming or
spattering of sample requires procedure to be started over from beginning
with new samples);
6. Maintain oven at 500 ºC for 15 minutes, then allow to cool freely while
purging oven with 600 mL/min of nitrogen;
7. Transfer sample vials to desiccator and allow to cool to room temperature;
8. Record final weight of each vial to nearest 0.1 mg.
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Figure 3.4.

Placing of Vial Holder into Alcor MCRT-160 Micro Carbon Residue
Tester

3.1.6 Kinematic Viscosity

The kinematic viscosity test was performed by placing a sample into calibrated
glass capillary viscometers and measuring the time it took the liquid to flow from one
point to the next point. The measurement was taken when the sample was placed in a
water bath, and the fluid was solely being acted upon by gravity. The bath used to
perform this procedure was the TVB445 produced by ISL, shown in Figure 3.5. The
procedure for this test followed ASTM D 445 [59].
The following materials were required for this test:
1. Two calibrated glass capillary viscometers of differing sizes;
2. Two viscometer holders;
3. Viscometer thermostat and bath;
4. Thermometer to ensure bath temperature of 40 °C;
5. Timing device with precision to the thousandth of a second.
The procedure was performed as follows:
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1. Set water bath to temperature of 40 °C;
2. Place 7.5 mL of the sample to be tested into each viscometer;
3. Place both viscometers into viscometer holders and lower into bath;
4. Allow samples to sit for 30 minutes to allow temperatures to equilibrate;
5. Bring the sample past the top and allow for gravity to lower the sample;
6. Once the sample crosses the top line, begin the test sample time and stop the
time once the sample reaches the lower line;
7. Repeat this test to confirm measurement time;
8. If test times are within 0.2%, the data are considered to agree.

Figure 3.5.

Kinematic Viscosity Tests on Challenge X B-20

3.1.7 Copper Corrosion

The copper corrosion test determines potential corrosive effects of a liquid to
copper. The test will determine if specific sulfur compounds, which would have a
corrosive effect on copper, have been removed during the refinery process. The reactive
sulfur compounds being evaluated include hydrogen sulfide, elemental sulfur,
mercaptans, disulfides, and polysulfides, all of which will react with copper surfaces to
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form copper sulfides. The test does not determine the amount of sulfur present as
different sulfur compounds will affect the copper differently. The procedure for this test
followed ASTM D 130 [60].
The materials used for this test were:
1. 2 test tubes (25mm X 150 mm);
2. Bath capable of being maintained at 50±1 ºC;
3. Test bomb;
4. Thermometer;
5. Polishing material for copper strips (i.e. Silicon Carbide grit paper);
6. Sulfur-free wash solvent (iso-octane);
7. 2 copper strips cut from smooth-surfaced, hard-temper, cold-finished
copper of 99.9% purity to dimensions of 12.5 mm wide, 1.5 mm thick, and
75 mm long.
The process for diesel fuel testing was:
1. Remove surface blemishes using the silicon carbide grit paper on all six
sides of the strip;
2. Pour 30 mL of sample into a clean dry test tube specified above;
3. Place copper strip into tube within 1 minute of completing the polishing;
4. Put a stopper with a vented cork on the tube and place in 50 ºC water bath;
5. Protect the tube from strong lighting during the test time;
6. Allow to sit for approximately 3 hours;
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7. Interpret corrosiveness using ASTM D 130 Copper Strip Corrosion
Standard strips.
3.1.8 Sulfur Content

Sulfur content of the fuel is important in this project due to the use of a diesel
particulate filter (DPF). The DPF has precious metals, which are poisoned by sulfur and
its compounds. As discussed in section 2.2, the EPA requires the production of ultra-low
sulfur diesel (ULSD) for on-highway diesel vehicles, which limits the sulfur content to 15
ppm. The sulfur content was tested using the ANTEK 9000, shown in Figure 3.6. The
ANTEK 9000 followed ASTM D 5453 [61].
The following materials required for this test were:
1. Electric furnace capable of being held at 1100 °C;
2. Combustion tube with arms which allow the introduction of oxygen and a
carrier gas;
3. Flow controllers providing a constant supply of oxygen and carrier gas;
4. Drier tube;
5. UV fluorescence detector capable of qualitative and quantitative
measurement of UV light;
6. Microliter syringe which can deliver samples in 5-20 microliter range;
7. Boat inlet system which carries the sample into the hottest area of the
furnace inlet.
The analysis requires the following steps:
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1. Calibrate the system by injecting a sample with zero sulfur and a sample of
known sulfur content;
2. Sample of 5-20 µL is extracted and placed into boat;
3. The boat, located in the combustion tube, is inserted into the furnace along
with oxygen and the inert gas;
4. Sulfur is oxidized to form sulfur dioxide (SO2) and water is formed. The
water is then removed by the drier tube;
5. SO2 absorbs the UV light and becomes excited;
6. The SO2 returns to ground state and the fluorescence released is measured
by the UV fluorescence detector;
7. The detector displays an output in the form of a curve, and the
concentration of sulfur is found by evaluating the area under this curve.

Figure 3.6.

Sulfur Analysis Test at the Swalm School of Chemical Engineering

3.1.9 Heat of Combustion

The bomb calorimeter test determines the heat of combustion of a fuel. It is
essential to know this value as it allows for one to determine how much energy can be
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obtained from a given amount of fuel. The heat of combustion is also directly related to
power and fuel economy achieved by an engine. As the heat of combustion increases,
power and fuel economy increase. The test procedure followed ASTM D 4809 [62].
The following materials were used to perform this experiment:
1. Room free from draft and temperature between 74 and 78 ºF;
2. Oxygen bomb of materials not affected by combustion with volume of 350
± 50 mL and capable of withstanding pressures up to 3000 psi;
3. Metal calorimeter bucket with tarnish-resistant coating and outer surfaces
polished;
4. Jacket with temperature control;
5. 2 thermometers to be placed in the jacket and the bomb calorimeter;
6. 6 to 16-V power source firing circuit;
7. Device to measure time to 1 second;
8. Sample cup of 26 mm diameter and 11 mm deep;
9. 2000 mL water;
10. 0.3 gram sample of B-20;
11. 10 cm Ni-Chrome wire;
12. 1 mL deionized water;
13. 0.1% methyl orange indicator;
14. 0.0709 N Na2CO3;
The procedure employed was:
1. Attach Ni-Chrome wire to bomb electrodes;
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2. Place 1 mL of deionized water in bomb;
3. Place B-20 sample in to sample cup;
4. Assemble bomb and pressurize to 30 atm;
5. Allow time for temperatures in jacket and bomb calorimeter to equilibrate;
6. Ignite the sample;
7. Record temperatures every minute until no further rise is observed;
8. Measure Ni-Chrome wire remaining;
9. Place 5 drops of 0.1% methyl orange indicator in solution;
10. Titrate solution with 0.0709 N Na2CO3.

3.1.10 Boiling Point Curve

The importance of performing the distillation procedure is primarily due to
government regulations for the distillation limits of petroleum products. In this
experiment, distillation temperatures are measured at reduced pressures, and temperatures
are then converted to the atmospheric equivalent temperature (AET). AET is the
estimated temperature had the experiment been performed at atmospheric pressure. The
distillation temperatures are recorded beginning with the first drop, known as the initial
boiling point (IBP), and then at distilled volume percentages of 5%, 10%, 20%, 30%,
40%, 50%, 60%, 70%, 80%, 90%, and finally 95%, which was considered the end point
for this test. The piece of equipment used was the Herzog HDV 632, and ASTM D 1160
was followed. The HDV 632 is shown in Figure 3.7 [63].
The materials required to perform this test were:
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1. 500 mL distillation flask;
2. Vacuum-Jacketed column assembly with a condenser section and a
distilling head;
3. Spring clamps;
4. Platinum resistance thermometer sensor with ±0.5 ºC accuracy for
0-400 ºC range and less than 200 second response time;
5. Receiver;
6. Vacuum gage, vacuum source, and pressure regulating system;
7. 2 cold traps which condense gases not condensed in the condenser section;
8. Low pressure carbon dioxide to cool flask and heater following distillation;
9. Low pressure nitrogen used to release the vacuum;
10. Safety screen to protect the operator;
The procedure was:
1. Set condenser coolant temperature to at least 30 ºC less than lowest expected
vapor pressure temperature;
2. Fill distillation flask with 200 mL of biodiesel sample;
3. Clean and grease all spherical joints;
4. Connect lower spherical joint to flask and raiser heater until it makes contact
with the flask. Connect the rest of the apparatus using spring clamps.
5. Place a few drops of silicone oil and the temperature sensor into the
thermowell;
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6. Start vacuum pump (if foaming occurs, apply gentle heat for the removal of
dissolved gas);
7. The rest of the experiment is performed by the HDV 632;
8. The apparatus is evacuated until the desired distillation pressure is reached;
9. Heat is applied and temperatures are recorded for the IBP and the volume
percentages listed in this experiment’s introduction;
10. Once distillation is complete, lower the heater and allow the system to cool.

Figure 3.7.

3.2

Placing Heat Jacket on Flask Prior to Testing B-20 Distillation
Temperature

Vehicle and Test Facilities

This section describes the Chevrolet Equinox used by the Mississippi State
University (MSU) team for the Challenge X competition. Also included is a description
of MSU’s 4-wheel chassis dynamometer and its importance in testing the vehicle.

3.2.1 Challenge X Vehicle

For the Challenge X competition, a stock Chevrolet Equinox was donated to each
of the teams involved. Each team was then required to alter their vehicle to one of the
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configurations outlined by the Challenge X rules. The MSU Challenge X team decided
to produce a diesel-electric parallel through the road hybrid vehicle. The term ‘through
the road’ is used to indicate that the electric motor and the diesel engine have no
mechanical coupling and are only joined through the road.
The diesel engine selected was the 1.9 GM diesel engine. This engine produces a
maximum power of approximately 150 horsepower at 4000 revolutions per minute
(RPM), while the maximum torque is 236 foot-pounds, achieved at 2000 RPM. The
transmission selected was a 6-speed manual transmission.
The electric portion of the hybrid configuration was a Ballard Ranger Electric
Drive Unit. This motor is capable of outputting 90 horsepower and 140 foot-pounds of
torque. When both power units are functioning, the MSU Chevrolet Equinox has the
capacity to produce 240 horsepower and 376 foot-pounds of torque. The battery pack
used to power the electric motor is a 330 Volt, 7.0 Amp-hour Nickel Metal Hydride
(NiMH) battery pack produced by Johnson Controls. The NiMH battery pack is
recharged when the electric motor requests torque during driving. This regeneration
happens during braking of the vehicle and at other times as determined by the control
strategy.

3.2.2 MSU’s 4-Wheel Chassis Dynamometer

The apparatus used to test all of the equipment was a 4-wheel chassis
dynamometer produced by Froude Hofmann. This dynamometer is composed of 4 rolls
with a diameter of 48”, each controlled using AC power. The device is capable of
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simulating speeds up to 200 kilometers per hour. Also included is a fan capable of
simulating wind speeds up to 120 kilometers per hour. Testing being performed on the
chassis dynamometer is shown in Figure 3.8.

Figure 3.8.

Emissions Testing Being Performed on the MSU Challenge X Equinox
Using the 4-Wheel Chassis Dynamometer

As previously mentioned, the vehicle used for the Challenge X competition was a
parallel through the road hybrid vehicle. Due to the fact that the vehicle was only
connected through the road, the use of a 4-wheel chassis dynamometer was required to
allow the vehicle to be tested in hybrid mode.
3.3 Experimental Measurements

This section describes the data collection required for emissions testing. NOx
analysis employed for this project was performed by a Horiba MEXA-720 NOx analyzer.
The NOx output was given in parts per million (ppm) based on a volumetric basis;
however, EPA standards are evaluated on a grams per mile scale. In order to convert the
concentration values to grams per mile, several process variables must also be known.
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•

The conversion is accomplished using Eq. 3.1, where V is volumetric flow, v is speed of
the vehicle, and T is the temperature of the exhaust gas. A complete development for this
calculation is given in Appendix E. Along with measuring the NOx values, it is important
that engine speed and engine torque values are collected. This section will discuss indepth the equipment used to obtain all of these necessary process variables, as well as
new equipment added later in the project. All data were recorded using a LabView
virtual instrument (VI). Appendix C contains the VI used and explains its development.
•

V(ft 3 / min) * 60 * 46 * 101.325 * (0.3048)3 * 1000
NO x ( g / mile) = NO x (ppm) *
v(mi / hr ) * 8.314 * T(K )

(3.1)

3.3.1 Initial NOx Concentration Measurement

The Horiba MEXA-720 NOx analyzer, shown in Figure 3.9, was used to measure
the concentration of NOx in parts per million (ppm) on a volume basis. This unit uses a
zirconia (ZrO2) sensor to measure the concentration of NOx as well as the amount of
oxygen in the exhaust. The amount of oxygen in the exhaust allows this piece of
equipment to also provide a measurement for the AFR. The analyzer output can be
transmitted via analog output or RS-232 serial communication. It was decided for this
project to use serial communication so as to avoid any voltage noise.
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Figure 3.9.

Horiba MEXA-720 NOx Analyzer used to give NOx Concentration and
AFR

The sensor has four layers of electrodes, all of which are ZrO2 plates. The sensor
also has two diffusion chambers, with two of the ZrO2 strips in each chamber. The
current between the strips in each chamber is measured. The first diffusion chamber has
raw exhaust gas pumped through with the O2 being pumped out. The remaining gases are
then sent into the second diffusion chamber, which dissociates the NOx molecules into N2
and O2 molecules. The newly formed O2 molecules are then pumped across the
electrodes, just as in the first diffusion chamber. It has been observed that the current
between the two electrodes in each diffusion chamber is linearly proportional to the
concentration of O2 being pumped across the electrodes. Therefore, the first diffusion
chamber allows for the knowledge of O2 in the exhaust and the second diffusion chamber
allows for determination of NOx concentration [64].

3.3.2 Temperature Measurement

The exhaust gas temperature is used in Eq. 3.1 to determine the flow rate of NOx
and also in the calculation of volumetric flow rate (detailed in Appendix F). In addition
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to being needed for these calculations, temperature is also instrumental in the evaluation
of the practicality of the urea SCR system. Temperature dependence of the urea SCR
system was discussed in Section 2.3.
For the initial temperature measurements made in this project, Type K
thermocouples were utilized. Type K thermocouples are composed of Chromel (NickelChromium alloy) as the positive conductor and Alumel (Nickel-Aluminum alloy) as the
negative conductor. The signals for these thermocouples were measured by using the
USB-9211, made by National Instruments. The device consists of 4 thermocouple input
channels, 1 internal autozero channel, and 1 internal cold-junction compensation channel.
The USB-9211 has 24 bits of resolution and contains a voltage measurement range of
±80 mV [65]. The maximum error for this piece of equipment when measuring K-type
thermocouples on the range from 0 ºC to 800 ºC is documented to be + 3 ºC, shown in
Appendix D. The device is capable of sampling 8 Samples/s [65]. The USB-9211 is
pictured in Figure 3.10.

Figure 3.10.

The USB-9211 used to Measure Temperatures in the Test Pipe
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3.3.3 Measurement and Importance of Engine Parameters

Engine torque and engine speed are two important parameters for the urea SCR
system being used for this project. The urea SCR system being used was produced by
Combustion Components Associates (CCA), and the system is called CCA ELIM-NOx.
For the CCA ELIM-NOx system, discussed further in section 3.4, a map of desired urea
injection as a function of engine speed and engine load is required. Engine load is a
parameter whose calculation requires the knowledge of engine torque at a given engine
speed. The amount of urea to be injected is dependent upon the flow rate of NOx, and
NOx values are assumed to be constant for a given engine speed and load. Therefore, it is
necessary to obtain these engine parameters and NOx values simultaneously.
The 1.9L GM diesel transmits messages using Controller Area Network (CAN)
messaging. In order to ease the task of collecting these data at the same time as the NOx
data, it was decided to convert the data to an analog signal to be logged by the previously
mentioned LabView program. The Intrepid neoVI Pro is an instrument capable of
receiving CAN messages and converting the values to the desired voltage output. As the
instrument receives the message, a value proportional to the set scale is transmitted in the
form of a 0.5 to 5 Volt signal. The Intrepid neoVI Pro is shown in Figure 3.11.
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Figure 3.11.

Intrepid neoVI Pro used to Convert CAN Messages to Analog Signals

The next step in the determination of the engine parameters is the measurement of
the amount of voltage being transmitted by the neoVI. The instrument used for collecting
the voltages is the USB-6009, manufactured by National Instruments (NI). This device
can collect 8 single-ended signals at a resolution of 13 bits or 4 differential signals at a
resolution of 14 bits and is capable of reading 48 kilo samples/s. The instrument’s
channels were scaled so that the measured voltages were converted to values in the
desired units [66]. The NI USB-6009 is shown in Figure 3.12.

Figure 3.12.

NI USB-6009 used to Measure Analog Signals Transmitted by the neoVI
Pro
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3.3.4 Measurement of Exhaust Flow Rate and Vehicle Speed

The final data to be measured are vehicle speed and volumetric exhaust flow rate
as both of these values are required for Eq. 3.1 to be evaluated. The vehicle speed is
obtained using the same method as was used to acquire the engine speed and engine
torque data. The Intrepid neoVI Pro receives the vehicle speed by CAN message and
converts the value to an analog signal that is read by the NI USB-6009. The voltage is
scaled to an actual speed value, which is logged to the data file.
Measurement of the exhaust flow also required use of the neoVI Pro and the NI
USB-6009, though additional information was required. The only flow data transmitted
•

by the engine is mass flow rate of intake air ( m air ) with units of grams per second (g/s);
however, intake air is not the only flow exiting the vehicle. The combusted fuel provides
additional flow, with the amount of fuel in the exhaust pipe being measured by the AFR
function on the MEXA-720 NOx. Since AFR and the intake air flow are both on a mass
.

basis, the mass flow rate of the fuel ( m fuel ) can easily be calculated.

The total mass flow rate is obtained, but must be converted to volumetric flow
rate, since the NOx concentration is on a volume basis. This requires knowledge of
density values at the sensor; thus, the temperature of the exhaust gas in this location must
be known. Once these values are known, the volumetric flow rate is readily calculated.
The calculation of density as well as the development of the final volumetric flow rate
equation is detailed in Appendix F, while the total volumetric flow rate is calculated
using Eqs. 3.2, 3.3, and 3.4. It is noted that the overall NOx output in grams per mile
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does not require temperature because the temperature in Eq. 3.1, and the temperature in
the density equation will cancel. However, it was decided to measure this temperature so
that an accurate volumetric flow rate could be calculated.
.

.

m air (g / s) * 60

V air (ft / min) =
3

ρ air (kg / m ) *1000 * (0.3048)
3

.

(3.2)
3

.

m air (g / s) * 60

V fuel (ft / min) =
3

ρ fuel (kg / m ) * AFR *1000 * (0.3048)
3

.

.

(3.3)
3

.

Vtotal = V air + V fuel

(3.4)

3.3.5 Additional NOx Measurement

Following Year 2 of the competition, it was decided that additional NOx sensors
would be added with the capability of being permanently mounted to the vehicle. The
sensors were purchased from ECM and are known as NOxCAN sensors. The primary
reason for acquiring two sensors was to allow for NOx reduction calculations to be
performed when the vehicle is in operation and to assist in the urea injection control
strategy. The NOx values are transmitted from these sensors to the previously described
CAN system, where the values are then be accessed by the vehicle’s controller. These
sensors utilize the same zirconia sensor technology as the Horiba MEXA-720 NOx
analyzer, discussed in Section 3.4.1. This module also transmits the AFR, allowing for
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calculation of the total volumetric flow rate. The entire NOxCAN device with the sensor
as well as the analyzer is shown in Figure 3.13.

Figure 3.13.

ECM NOxCAN Sensors and Analyzers Mounted in the Vehicle to
Measure Pre- and Post- Catalyst NOx

3.3.6 Additional Temperature Measurement

Along with the addition of the NOx sensors, two resistive temperature detectors
(RTD’s) were also permanently added to the exhaust system. One of the RTD’s used is
shown in Figure 3.14. As discussed in the literature review section, temperature control
is important not only for the decomposition of the urea, but also to protect the catalyst
activity. As a result, injecting urea at low temperatures could result in the failure of the
urea to decompose into ammonia. In order to have better control of the system, it was
decided to install a RTD upstream of the injection point (Figure 3.15) and another
downstream of the catalyst (Figure 3.16). The upstream RTD provides knowledge of the
temperature in the urea decomposition section, and the downstream RTD provides
temperature data needed to make estimations of catalyst efficiency.
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Figure 3.14.

RTD Permanently Mounted in the Exhaust Stream

Figure 3.15.

RTD Mounted Upstream on the Exhaust Pipe to Measure Temperature in
Urea Injection Section

Figure 3.16.

RTD Mounted Downstream on the Exhaust Pipe to Measure Temperature
for Catalyst Activity Estimations
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3.4 Aftertreatment System Setup

The two emissions targeted in this research are PM and NOx. The NOx is treated
by the urea injection SCR system and the PM is reduced with the aid of a DPF. It was
decided that the DPF would located upstream of the SCR catalyst. The primary basis for
this decision was to avoid PM collection on the surface of the SCR catalyst, resulting in
increased backpressure and thus, decreased fuel economy.
The initial orientation of the exhaust system was such that the inlet and exit
outside diameters (OD) of the DPF were 2.25”. In order to prevent urea from spraying on
the wall of the exhaust, thus decreasing its ability to react with NOx, an expansion was
made at the exit of the DPF so that the exhaust system had a 4” OD at the point of
injection. Figure 3.17 is a schematic showing the initial aftertreatment setup. This
section provides details of the DPF and urea SCR systems as well as their components.

Figure 3.17. Schematic Showing Overview of the Original Exhaust System
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3.4.1 Initial Urea SCR System

The urea SCR system employed in this study was the CCA ELIM-NOx system.
While the system has many different options, the features utilized in this project were the
urea tank, pump, filter, injector, and pressure sensor along with an exhaust backpressure
sensor and the actual SCR catalyst. The system also had a controller that powered and
communicated with the different components. The ELIM-NOx is capable of reading
messages from the engine controller. This allows for engine speed and load messages to
be received. Upon receiving these messages, the ELIM-NOx controller communicates
with the injector the amount of urea to be injected. A photo showing how these
components are oriented underneath the car is provided as Figure 3.18.

Figure 3.18.

Initial Configuration of the Urea SCR System as Mounted Beneath the
Vehicle

The first component in the system is the urea tank. The tank employed was a 1
quart tank, placed under the hood in the engine compartment for ease of refilling. The 1
quart tank provides sufficient capacity of urea to last approximately the same length of
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time as a tank of fuel, as the fuel tank has a capacity of 5 gallons. The urea tank is open
to the atmosphere and is fitted with a cap that will blow off at 16 psi of pressure. The
urea is gravity-fed to the system from the bottom of the tank and excess urea that is not
injected returns to the tank near the top on the right side as shown in Figure 3.19.

Open to
Atmosphere

Excess Urea
Return

Urea to
System

Figure 3.19.

One Quart Urea Tank as Mounted Beneath the Hood

Upon exit from the tank, the urea flows through the filter and the pump, shown in
Figure 3.20. The rubber hose entering the filter is the feed line from the urea tank. The
urea pump runs continuously and maintains a desired pressure in the line. Next, the urea
travels through the urea pressure sensor, which indicates to the controller if the requested
pressure is being achieved. The urea pressure sensor is shown in Figure 3.21.

69

Urea Pump

Urea Filter

Figure 3.20.

The Urea Pump and Filter as Mounted on the Vehicle

Figure 3.21.

Urea Backpressure Sensor used to Determine if the Desired Urea Pressure
is Achieved

The next piece of equipment is the injector. The injector fits into a metal bracket,
which is then bolted onto studs placed on the side of the exhaust pipe. The injector
placed in the metal bracket is shown in Figure 3.22; also, the injector mounted to the
exhaust pipe is shown in Figure 3.23. The tip of the injector is placed directly in the
exhaust stream. Thus, the tubing was switched from the rubber hose to steel-braided hose.
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Rubber hose located in close contact with the hot exhaust gases could result in melting of
the rubber lines.

Urea Exit Line

Urea Entrance
Line

Figure 3.22.

Urea Injector Mounted Placed in Mounting Bracket

Figure 3.23.

Urea Injector Installed on the Exhaust Pipe

The urea pump operates continuously; therefore, the injector has urea being
cycled through continually. This continuous cycling serves to cool the injector, with the
urea that is not injected returning to the tank. The amount of urea actually injected is

71
controlled by pulse-width modulation (PWM), with calibration performed by bench top
testing. Initially the injector had an orifice plate with dimensions of 0.007” x 0.005”.
However, the original orifice was replaced with an orifice with dimensions of 0.005” x
0.005”.
The backpressure sensor is used to validate proper operation of the ELIM-NOx
system. This sensor is located just prior to the SCR catalyst bed and verifies that no
clogging of the catalyst is taking place. In a scenario where SCR clogging is detected,
the backpressure would increase, and the ELIM-NOx system would be deactivated. The
exhaust backpressure sensor is shown in Figure 3.24.

Figure 3.24.

Backpressure Sensor Detects Potential Clogging of the SCR Catalyst

The final element of the ELIM-NOx system is the SCR catalyst/catalyst unit. The
original catalyst is Vanadium Pentoxide (V2O5), provided by CCA. While the casing
which contains the catalyst slightly larger, the actual catalyst is rectangular shaped has
dimensions of 21”x 12”x 5”, giving a total volume of just over 20 liters. For the V2O5
catalyst, the promoter was tungsten trioxide, WO3 and the support was titanium dioxide,
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TiO2. The catalyst surface is shown in Figure 3.25, while a picture of the entire catalyst
unit, installed on the car, is shown in Figure 3.26.

Figure 3.25.

Surface of the Original SCR Pictured from the Rear

5”

12”

21”
Figure 3.26.

Original SCR Catalyst installed Beneath the Vehicle

3.4.2 Diesel Particulate Filter

The DPF is responsible for reducing PM emissions of the engine. As illustrated
in Figure 3.27, the DPF is packaged in the same case as, but downstream of a diesel
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oxidation catalyst (DOC). The DOC is responsible for oxidizing CO to CO2,
hydrocarbons to H2O and CO2, and NO to NO2. The performance of the DOC was not
examined in this research as the focus was on emissions reduction in PM and NOx. The
DPF utilized in this project is constructed of various precious metals; however, neither
the metals nor the composition of the DPF are known, as this information was not
released by the manufacturer. The precious metals trap and strongly bind the carbon
molecules that comprise PM. Regeneration of the DPF can be achieved under conditions
of high temperature.

Flow
Inlet

Downstream
Pressure Port

RTD
Location
Figure 3.27.

DOC
Section

DPF
Section

Upstream
Pressure Port

The DPF used for PM Reduction
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DPF regeneration occurs when temperatures of approximately 600 °C are attained
in the filter. For this system, these temperatures are accomplished by late injections of
fuel into the cylinders over a given period of time. These injections result in
temperatures suitable for this regeneration; however, the injections also contribute a
significant penalty to fuel economy during this process. While the algorithm utilized is
not known, it is believed that regeneration is triggered based on two parameters,
temperature and backpressure. The temperature is measured by an RTD, similar to the
RTDs previously described, while the backpressure is measured by measuring pressure
upstream and downstream of the DPF and comparing the pressure difference across the
DPF. The devices and locations of the pressure ports used are shown in Figure 3.27. The
algorithm initiates regeneration when the backpressure nears a value at which the flow
through the DPF will be restricted. It is also possible that this strategy could be scaled so
that as DPF temperatures increase, the backpressure required for regeneration to be
triggered would be lower. The rationale for this scaling process is that less fuel would be
required because the temperature increase would not be as significant.

3.4.3 New SCR Catalysts

After performing tests on the initial system, it was decided to acquire additional
SCR catalysts to be tested. The new catalysts should be dramatically smaller in volume,
due to the general assumption that large volume causes the heat to be dispersed, thus
resulting in lower overall temperatures. Another concern with the first catalyst bed was
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its rectangular shape, which may result in underutilization of some portions of the
catalyst.
After making these considerations, two round catalyst cartridges of 5.66” in
diameter were obtained. Both catalyst cartridges were 12” in length, giving a total
volume of 5 liters. In order to provide a comparison with the initial catalyst bed
employed, one of the new catalyst beds utilized V2O5 catalyst with approximately the
same composition as the original catalyst. The reduction performance of these catalysts
will be directly compared and will allow optimal catalyt bed size to be determined. The
new V2O5 catalyst cartridge is shown in Figures 3.28 and 3.29.

Figure 3.28.

New V2O5 Cylindrical SCR Catalyst Cartridge
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Figure 3.29.

Catalyst Surface for the New V2O5 Cylindrical Catalyst Cartridge

The other 5 liter catalyst cartridge contained a zeolite catalyst. Performance of
the zeolite catalyst can be compared directly to the newly obtained vanadium pentoxide
catalyst, allowing an assessment of the catalyst type on system performance. The zeolite
catalyst cartridge is shown in Figures 3.30 and 3.31. The original catalyst and new
catalyst cartridges are shown side-by-side in Figure 3.32.

Figure 3.30.

New Zeolite Cylindrical SCR Catalyst Cartridge
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Figure 3.31.

Catalyst Surface for the Zeolite SCR Catalyst Cartridge

(1)
(2)
(3)

Figure 3.32.

The Three SCR Catalyst Cartridges Examined in this Research (1)
Original V2O5 Catalyst, (2) Zeolite Catalyst, and (3) New V2O5 Catalyst

3.4.4 Modified DPF

Following the acquisition of the new SCR catalyst cartridges, the next step taken
was to modify the exit of the DPF. Under the original configuration, illustrated in Figure
3.17, the area for flow was significantly reduced upon leaving the DPF, only to be
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quickly expanded to 4” diameter pipe. It was believed that these rapid changes could
cause a flow restriction, and ultimately decrease fuel economy. Another problem with
the expansion was that it reduced the available space for urea to be injected before the
flowing stream reached the SCR catalyst. For these reasons, the exit of the DPF was
modified to a 4” OD pipe. The modified DPF is shown in Figure 3.33, next to the
original DPF. Also, Figure 3.34 shows an updated schematic of the exhaust stream
piping.

Figure 3.33.

Modified DPF (bottom) as Compared to the Original DPF (top)

Figure 3.34.

Schematic of Exhaust Piping after Addition of Sensors and Modification
of DPF
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3.5 Temperature Testing

Temperature is one of the most important process variables and must be measured
upstream of the installed urea SCR system. Knowledge of the inlet gas temperature is
required to ensure SCR optimal catalyst performance, as well as to ensure that urea
decomposition is accomplished. As discussed in section 2.3, the decomposition of urea
to form ammonia requires relatively high temperatures. To determine if the required
temperatures could be achieved both prior to the catalyst as well as on the catalyst
surface; a test pipe with two Type K thermocouples inserted through the walls was placed
in the tailpipe.
The first thermocouple was located in the area where the urea injector was later
mounted. This location was utilized so that the temperatures that would be experienced
by the urea could be measured. The second thermocouple was placed just before the
anticipated location of the SCR catalyst, providing a measurement of the temperature
experienced by the catalyst. The test pipe was insulated with exhaust wrap in order to
minimize heat loss through the tailpipe. The test pipe is shown in Figure 3.35.

Figure 3.35.

Exhaust Test Pipe with Type K Thermocouples used to Perform
Temperature Measurements
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Normal exhaust temperatures were measured during a test procedure that was a
combination of city and rural driving conditions; a regulated drive cycle was not used.
After a review of the literature, 200 ºC was selected as the operating temperature. At this
temperature, NOx reductions as high as 95% NOx had been observed [39]. Vehicle speed
data corresponding to the temperatures at these locations were also collected.
3.6 Urea Injection Mapping

Following the setup of the aftertreatment system, the amount of NOx to be
reduced at each engine speed and load was determined. NOx emissions were recorded
along with the engine parameters at multiple points along the flow path . Next, the NOx
amounts were correlated with urea injection values by determining the amount of urea
required to reduce the NOx emissions, allowing a urea injection map to be created. This
section describes the approach taken for the creation of the initial map and the modified
approach taken to create the updated injection map.

3.6.1 Initial Urea Injection Map

The original urea injection map was constructed by collecting transient NOx data
for as many locations as possible. At the time this map was created, the chassis
dynamometer was unavailable, thus all the points were taken during on-road testing.
These NOx data were then smoothed and placed into Microsoft Excel and a correlation
plot was created. From this plot, the flow rate of NOx in grams per minute at each engine
speed and load was estimated.
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The next step in the creation of the urea injection map was to determine the
amount of urea to be injected with comparison to the produced flow rate of NOx.
According to the calculations in Appendix G, for every gram of NO produced, 1.62
grams of 32.5% urea solution are required. Each gram of NO2 emitted requires 1.06
grams of the same urea solution; however, approximately 90% of raw diesel NOx
emissions are NO. Thus, it was decided to calibrate the injection for NO instead of NO2.
The 1.62 grams of 32.5% urea solution per gram of NO is calculated assuming that the
reaction proceeds to completion; therefore, it was decided to increase the injection ratio
to 2.0 grams of urea per gram of NOx to ensure complete reaction. Using this ratio and
the recorded NOx flow rates, a urea injection map was created.

3.6.2 Updated Urea Injection Map

For the second urea injection map, a different approach was employed. The
engine was allowed to reach a steady state value for various operating points. These
points were obtained using a chemiluminescence analyzer (CLA) at Southwest Research
Institute (SwRI). Using the NOx concentration for each of the engine parameters desired,
a curve fit was employed using MatLab. 24 points were collected for use in the creation
of this map, with an emphasis on spreading out the points as much as possible.
3.7 Urea Injector Calibration

For the initial system, the injector received was calibrated, and the flow rates were
recorded. Knowledge of these flow rates is essential so that the urea can be optimized to
meet the maximum amount of emissions expected during a drive cycle. Following the
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initial testing, the injector was modified to accommodate lower flow rates. This section
will include details on calibration of the original and modified urea injector.

3.7.1 Original Injector Calibration

Following the creation of the urea injection map, the next step was to calibrate the
injector. The inputs to the injector are frequency and duty cycle, thus the proper flow
rates must be found corresponding to these values. The recommended frequency range
for the injector was from 1.5 to 10 Hz. The injector is controlled using PWM; thus, the
duty cycle correlates with the percent of time that the injector is open for each injection.
For the calibration, a 32.5% wt. urea solution was used. For each combination of
frequency and duty cycle tested, the injector was on for 1 minute, and the mass of urea
injected was collected in a cup. The mass of the urea injected was then measured using a
laboratory balance, with a precision of 0.1 g.
In order to find the true limits of injection, various duty cycles were tested for a
range of frequencies between 1.5 and 10 Hz. The testing began with a 10 Hz frequency.
The next frequency to be tested was selected after observing results from the previous
test, as the minimum injection rate with the maximum frequency was desired. The
injector was tested at 10, 5, 2.5, and 1.5 Hz. Also, for each test, the 95% duty cycle was
tested first. Duty cycle values were reduced until the same injection rate was recorded
for multiple duty cycles.
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3.7.2 Modified Injector Calibration

Testing was also performed on the injector after modifications were completed.
The primary reason for modifying the injector was to reduce the minimum flow rate. The
original injector required further dilution of the urea solution. In order to have this
system conform to 32.5% wt. urea specifications that will be commercially available, it
was necessary to reduce the potential flow rates of the injector.
The original injector had an orifice plate with dimensions of 0.007” x 0.005”. For
the modified injector, the original orifice plate was replaced with an orifice plate having
dimensions of 0.005” x 0.005”. It was expected that this decrease would significantly
decrease the injection rates. The calibration for the modified injector was performed
identically to the calibration of the original injector.
3.8 Test Procedures for NOx Reduction Tests

The testing process used to determine the NOx reduction accomplished by the
urea SCR system is discussed, including a discussion on the drive cycles chosen to
perform the testing and the distinct aspects of each cycle. Also included is the original
test procedure utilized in the reduction measurement accomplished by the original
system. Following the addition of the NOx sensors and RTD’s, an updated test procedure
was established. Finally, the testing procedure is discussed for the evaluations performed
at SwRI.
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3.8.1 Test Drive Cycles

The goal of the Challenge X competition is to produce a vehicle that meets the
EPA’s Tier 2 Bin 5 emissions standards. The primary test used by the EPA in testing
these standards is the FTP-75. The FTP-75 was the first test performed on the vehicle.
The FTP-75 tests for a combination of city and highway driving. The next two drive
cycles performed were the supplemental FTP drive cycles, the US06 and SC03. The
US06 drive cycle is designed to test the emissions during high-speed driving, with drive
cycle speeds as high as 80 miles per hour. The SC03 drive cycle has lower speeds and
less aggressive accelerations, but this test is designed to test vehicle emissions with the
air-conditioning operating.
Another drive cycle used in the testing was the emissions drive cycle for the
Challenge X competition, which will be referred to as the CX06 cycle. The emissions
test from the 2006 Challenge X competition is shown in Figure 3.36. This test represents
an urban driving style with lower speeds, but requires harder accelerations and
decelerations than seen in the in the FTP-75 drive cycle. This cycle covers
approximately 6.5 miles in 15 minutes for an average speed of just over 26 miles per
hour. The top speed reached during this drive cycle is 55 miles per hour.
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Challenge X 2006 Emissions Drive Cycle
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Figure 3.36.

The Drive Cycle used for Emissions Testing at the 2006 Challenge X
Competition used for Evaluation of the SCR System

The final drive cycle used for testing in this research was the Urban
Dynamometer Driving Schedule (UDDS). The UDDS is virtually identical to the FTP75, with the only difference being the last 505 seconds of the FTP-75 is removed. The
cycle has a maximum speed of approximately 57 miles per hour and is relatively mild,
with an average speed of only 19.6 miles per hour. The UDDS lasts roughly 23 minutes,
covering a distance of 7.5 miles. A plot of vehicle speed vs. time for this cycle is shown
in Figure 3.37 [5].
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Figure 3.37.

UDDS Drive Cycle used in Emissions Testing at SwRI [5]

3.8.2 SCR Reduction Test Procedure on Original System

Although the EPA calls for the FTP-75 test to begin with a cold-start, it was
decided to not include a cold start for this project. The cold start was not required for
year 2 of the competition and was deemed unnecessary under the current vehicle
configuration. Another reason for not performing a cold-start was due to cold-start
specifications. Cold-start requires that a vehicle soaks for a minimum of 12 hours at a
temperature from 20-30º C. Due to the number of tests being run, it was decided that
performing these long soak operations would take an excessive amount of time and
would take away the time needed for implementation of further improvements.
The warm-up consisted of driving the vehicle at a steady-state speed of
approximately 55 miles per hour until the engine coolant temperatures reached 90 °C, the
normal operating temperature for the 1.9 liter GM Diesel engine. This warm-up was
consistently performed prior to all cycles.
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Each drive cycle discussed in Section 2.8.1 was tested for three different modes of
operation. The first mode of operation was the vehicle being driven by the diesel engine,
with no urea injected into the exhaust. The second mode tested was the vehicle being
operated in hybrid mode with no urea injection. This mode was tested due to the increase
in NOx values observed as more load was placed on the engine. Hybrid mode is expected
to reduce the engine’s load, thus reducing the NOx emissions. The final mode tested was
for the vehicle in hybrid mode with urea injection. The use of these three modes
provided sufficient information in quantifying the NOx reduction by hybridization only,
by urea SCR only, and by the combination of hybridization and urea SCR. Since the
control strategy for the vehicle varies with the state of charge (SOC) of the batteries, all
drive cycles were begun with the batteries at 65% SOC.
Due to the initial system’s only NOx sensor being located at the exit of the
exhaust pipe, NOx reduction values were obtained by performing tests without urea being
injected and then with urea injection. Prior to running a series of tests without urea
injection, the vehicle was driven at approximately 55 miles per hour for an extensive
period of time. This was performed to ensure that no urea or ammonia remained on the
surface of the SCR catalyst, which would have resulted in NOx reduction when raw
exhaust values were desired.
In order to ensure that the data being collected are reproducible,each drive cycle
test was performed under each mode of operation a total of three trials per drive cycle
test. Average values as well as the standard deviation for each of the tests were then
calculated. It was also decided that the overall distance traveled for the tests used must
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be within 5%. Deviations larger than 5% could indicate accelerations and speeds differed
significantly, thus influencing the NOx output. All distances were compared to the
shortest distance driven for that cycle and compared using Eq. 3.5:

%Difference =

(distance driven - minimum distance)
*100
minimum distance

(3.5)

3.8.3 V2O5 SCR Reduction Test Procedure with Updated System

For the second series of tests, only V2O5 catalysts were tested. The rationale for
this decision was that prior to performing more extensive testing, the optimum catalyst
size for this application should be determined. With the insertion of the new equipment,
the NOx reduction and temperature loss over the catalyst could be quickly determined.
The decision on which V2O5 catalyst is more effective will be based on results for these
tests. The NOx reduction will be the primary factor considered, but it is believed that if
one catalyst results in lower temperature drop, there is a possibility of further improving
reduction with continued development of the urea injection strategy.
The testing for this comparison was performed using the CX06 drive cycle only.
Each catalyst was tested while the vehicle was operated in hybrid mode, with beginning
battery SOC at 65%. The cycle was run for each catalyst, and the cycle distance for each
catalyst was analyzed for repeatability. For this series of tests, the installed NOx sensors
were used for reduction purposes only and the Horiba MEXA-720 NOx analyzer was
used for overall cycle rating. The MEXA-720 NOx analyzer was used to allow for direct
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comparison of cycle results with the results obtained during the testing of the original
system.

3.8.4 Emissions Tests Performed at SwRI

In order to obtain more accurate values for the emissions from the MSU
Challenge X vehicle, a final set of testing was performed at SwRI. As discussed in the
previous section, one of the V2O5 catalysts was eliminated, thus the testing was
performed on the zeolite catalyst and the new V2O5 catalyst. The drive cycles selected
were the UDDS and CX06 cycles. A UDDS and CX06 cycle was performed for each
catalyst.
All testing at SwRI was performed on a 2-wheel chassis dynamometer. Due to
the vehicle’s powertrain configuration, testing of the vehicle in hybrid mode was not
possible on the 2-wheel chassis dynamometer. The result of this type of operation was
higher raw exhaust NOx values due to a higher load being placed on the engine.
For this testing, upstream NOx concentrations were measured using a
chemiluminescence analyzer (CLA) and downstream values were evaluated using a
dilution tunnel with EPA certified bag analysis. All of these values were also logged to
allow for later comparison of the NOx flow rates over the course of the cycle.
The final variable measured was the particulate matter (PM). PM values were
measured by gravimetric analysis for each cycle. The final values were then compared to
the EPA Tier 2 Bin 5 standards for PM emissions to determine if the DPF was
performing effectively.

CHAPTER IV
RESULTS AND DISCUSSION

This chapter will serve to provide results and discussion for the experiments
described in chapter 3. Section 4.1 discusses the results from the B-20 characterization
experiments. Section 4.2 gives the results from the temperature tests and discusses the
feasibility of the urea injection SCR system. Next in Section 4.3, the desired values of
urea to be injected are presented, followed by calibration values for the urea injector. In
Section 4.4, NOx reduction on the initial system is tested and analyzed. Section 4.5
compares the reduction between the original SCR catalyst and the newly acquired V2O5
with the modified SCR system. Section 4.6 discusses results from the extensive testing
of the new SCR catalysts performed at SwRI.
4.1 B-20 Characterization Results

This section includes results obtained from the tests performed on the B-20
biodiesel blend used for the Challenge X competition. Also, calculations will be included
for tests as required. The results for each of the tests are compared to the B-20 standards
proposed by the U.S. Engine Manufacturers Association (EMA) [67]. These standards
are considered to be stricter on the fuel quality than the U.S. B100 standards. A summary
of the results obtained is shown in Table 4.1.
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Table 4.1. Summary of Results for Challenge X B-20 in Comparison to Proposed EMA
B-20 Standards [67]

Test Performed

Test Result

Standard
Deviation

EMA Proposed
B-20 Specifications

Flash Point (°C)

71.11

0

52 minimum

Specific Gravity

0.8378

0

Cloud Point (ºC)

-10

0

Cetane Number

53.12

Carbon Residue
(% mass)

0.038

0.038

.

Kinematic Viscosity
(cSt)

2.52

0.064

1.9-4.1

Copper Corrosion

No. 1

0

No. 3 maximum

Sulfur Content
(ppm)

4.19

0.059

15 maximum

Bomb Calorimetry
(Calories/gram)

10604

90% Distillation
Temperature (ºC)

314.1

2.828

343 maximum

3 maximum
43 minimum

4.1.1 Flash Point

The B-20 sample was placed in the Herzog HFP360 Automatic Pensky-Martens
Closed Cup Flash Point Tester according to the method described in the experimental
section. Two tests were run to ensure accuracy and both tests identified the flash point
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temperature as 71.11º C. This temperature is above the minimum flash point temperature
proposed by the EMA. Print-outs of the results are provided in Appendix H.

4.1.2 API Gravity

The API gravity value observed was 38.6. This test was performed twice with the
same result each time. Using guide D1250, the API value of 38.6 at 76º F was converted
to an API equivalent of 37.4 for the standard temperature of 60º F. The API gravity value
is not specified by the proposed standards, thus, there was not a standard to which this
result could be compared. By using Eq. 4.1, the API gravity was converted into the more
commonly used specific gravity. This calculation, shown in Eq. 4.2, gives a specific
gravity of 0.8378.

Specific gravity =

141.5
API Gravity + 131.5

(4.1)

Specific gravity =

141.5
= 0.8378
37.4 + 131.5

(4.2)

4.1.3 Cloud Point

For the cloud point test, the B-20 sample was placed in the ISL CPP 5Gs for two
separate runs to ensure reproducibility. The result of each test gave a cloud point of 10.0º C, and raw data are provided in Appendix H. This result easily conforms to the
maximum of 3° C.
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4.1.4 Cetane Number

The handwheel readings of all three fuels as well as the cetane number of the
reference fuels were found. For this test, the cetane number of the low reference fuel was
47.7, and the cetane number of the high reference fuel was 53.3. The sampling procedure
was followed as described in the experimental section and average handwheel readings
were taken. For the low reference fuel, the handwheel reading was 1.381, while the
handwheel reading for the high reference fuel was 1.443. The B-20 sample’s average
handwheel reading was slightly less than that for the high reference fuel with a value of
1.441. These values obtained can be plugged into Eq. 4.3, and the cetane number can be
calculated. The cetane number is calculated using Eq. 4.4, with the result being 53.12,
easily exceeding the standard proposed, as the EMA suggests a minimum cetane number
of 43. The measured handwheel readings are listed in Appendix H.

⎡ HWS − HWLRF ⎤
CN s = CN LRF + ⎢
⎥ * (CN HRF − CN LRF )
⎣ HWHRF − HWLRF ⎦

where:

HWHRF

CNs

= Cetane number of sample

CNLRF

= Cetane number of low reference fuel

CNHRF

= Cetane number of high reference fuel

HWs

= Handwheel reading of sample

HWLRF

= Handwheel reading of low reference fuel

= Handwheel reading of high reference fuel

(4.3)
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⎡1.441 − 1.381 ⎤
CN s = 47.7 + ⎢
* (53.3 − 47.7 ) = 53.12
⎣1.443 − 1.381⎥⎦

(4.4)

4.1.5 Carbon Residue

After performing the required procedures for this test, the mass percent of carbon
residue must be calculated. In order to identify this mass percent, Eq. 4.5 was used,
which requires knowledge of the carbon residue mass (A) and sample mass (W) values.
Table 4.2 records the empty vial weight, which allows for the carbon residue weight to be
calculated upon the conclusion of the experiment. Once the carbon residue weight is
known, Eq. 4.5 was used to find the % carbon residue for each sample. This test was run
with two vials containing samples of the Challenge X B-20 and one vial containing the
reference sample. The results for the B-20 samples were 0.01062% for the first sample
and 0.06469% for the second sample. Results are shown in Table 4.2. The average of
these samples gives a value of 0.0377%. No values proposed by the EMA could be
found for this test.
% Carbon Residue = (A*100)/W
where:

A

= Carbon residue in grams

W

= Sample used in grams

(4.5)
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Table 4.2.

Mass Values Collected in the Determination of % Carbon Residue for the
Challenge X B-20

Sample

Empty
Vial
wt.(g)

Sample
+ Vial
wt. (g)

Sample
wt. (g)

Finished
Vial wt.
(g)

Carbon
Residue
wt. (g)

%
Carbon
Residue

Reference

9.838

11.361

1.523

9.843

0.00497

0.3267

B-20 #1

9.768

11.276

1.507

9.769

0.00016

0.01067

B-20 #2

9.963

11.508

1.546

9.964

0.001

0.0647

4.1.6 Kinematic Viscosity

As specified in ASTM D 445, the time for the fuel to drain from the calibrated
volume of the viscometer must be greater than 200 seconds. It was found that the only
available viscometers that met this requirement were viscometers #75 and #50. Two tests
were run with each of the viscometers, with the time for each test agreeing to 0.2%. Each
viscometer is assigned a constant value in units of cSt/s, and the viscosity of the fluid is
calculated using Eq. 4.6. The results for each tests are tabulated in Table 4.3. The
calculated kinematic viscosity value of 2.53 cSt is within the allowable viscosity
standards of 1.9-4.1 cSt.
Viscosity = Time(s) × Viscometer Constant(cSt/s)

(4.6)
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Table 4.3.

Calculation of Viscosity for the Challenge X B-20
Viscometer
Viscosity
Time (s) Constant
(cSt)
(cSt/s)

Viscometer

Sample

# 75
# 75

1
2

302.2
302.8

0.0085
0.0085

2.58
2.58

# 50
# 50

1
2

626.6
626.7

0.0039
0.0039

2.47
2.47

Overall
Average
Viscosity
(cSt)
2.53

Viscosity
Standard
Deviation

0.078

4.1.7 Copper Corrosion

For the copper corrosion test, two copper strips were tested in the B-20 sample.
Once the test procedure was concluded and the copper strips were removed from their
baths, both strips were tested for corrosiveness using ASTM D 130 corrosion strips. The
results of the tests were that the B-20 fuel used was slightly corrosive, given a No. 1
rating by the standard. The proposed standards allow for a maximum limit of No. 3,
meaning that the fuel meets standards for the copper corrosion test.

4.1.8 Sulfur Content

The next test performed was to determine the sulfur content of the fuel. Three
samples were analyzed by the ANTEK 9000 unit, and the three values were averaged for
a final value. The samples produced values of 4.12, 4.23, and 4.21 ppm, giving an
average value of 4.19 ppm with a standard deviation of 0.059. The 4.19 ppm
experimental value is well below the United States’ maximum of 15 ppm for the ultralow sulfur diesel (ULSD). The EMA also proposed a maximum limit of 15 ppm. The
raw data for these tests are included in Appendix H.
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4.1.9 Heat of Combustion

For the bomb calorimeter test, it was necessary to find the temperature increase,
the amount of fuse length burned during the test, and the volume of 0.0709 N Na2CO3
solution required to titrate the sample after the test. The temperatures recorded after
ignition are shown over time in Table 4.4. After performing temperature corrections, it
was determined that an overall of 1.337 ºC temperature rise was experienced. The length
of Ni-Chrome wire recovered was 0.7 cm, meaning that 9.3 cm of the wire was burned.
Table 4.4.

Temperatures Experienced Inside the Bomb Calorimeter for Each Minute
Following Ignition

Time
(minutes)
Initial
1
2
3
4
5
6
7
8
9
10

Temperature
(º C)
24.325
25.200
25.530
25.620
25.645
25.650
25.660
25.660
25.660
25.660
25.660

The heat of combustion is calculated according to Eq. 4.7. In this equation, T is
the temperature rise, W is the work factor, L1 is the correction found by using the 0.0709
N Na2CO3, L3 is the correction for the fuse wire, and M is the mass of the sample in
grams.
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⎡⎛ o
⎤
⎛ Cal ⎞ ⎞
⎢⎜⎜ T C ∗ W⎜ o ⎟ ⎟⎟ − L1 (Cal) - L 3 (Cal)⎥
⎛ calories ⎞ ⎣⎝
⎝ C ⎠⎠
⎦
⎟⎟ =
Heat of combustion ⎜⎜
M(grams)
⎝ grams ⎠

( )

(4.7)

The work factor was previously found to be 2406.88 Cal/º C, while L1 and L3 are
found by multiplying the previously mentioned results by factors to obtain the correct
units. The titration volume is multiplied by 1 Cal/mL to obtain a L1 value of 5.05 Cal.
The length of burnt wire is multiplied by 2.3 Cal/cm and a L3 value of 22.31 is found.
The calculation result is shown in Eq. 4.8.
⎛ calories ⎞ [(1.337 ∗ 2406.88) − 5.05 - 22.31]
⎛ calories ⎞
⎟⎟ =
⎟⎟
Heat of combustion ⎜⎜
= 10604⎜⎜
0.3009
⎝ grams ⎠
⎝ gram ⎠

(4.8)

4.1.10 Boiling Point Curve

The distillation experiment was also performed twice, according to the
experimental outline described in section 3.1.10. For the first test, the initial boiling point
(IBP) of the B-20 had an atmospheric equivalent temperature (AET) of 84.4 ºC while the
IBP for the second sample had an AET of 85.5 ºC. The proposed EMA standards only
specify the maximum AET at which 90% recovery is achieved. These standards set this
maximum value at 343º C. For the first test, the AET at 90% was 312.1 ºC, and the
second sample’s 90% AET was 316.1 ºC, both conforming to the standards set forth. The
complete print-out of results is included in Appendix H.
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4.2 Results from Temperature Test

In order for the urea SCR system to be effective, temperatures in the SCR system
should nominally be above 200 °C. The results from the temperature tests are shown in
Figure 4.1, with the two measured temperatures and the vehicle speed being graphed. In
this plot, the temperature near the injector is labeled TC1 and the temperature at the
catalyst entrance is labeled TC2. The maximum speed driven during this test was
approximately 62 miles per hour, and the average speed driven was 25.4 miles per hour.
This average speed compares reasonably to the average speed of 21.2 miles per hour for
the FTP-75 drive cycle.
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Figure 4.1.

Graphical Representation of Measured Temperatures at the Injector
Location (TC1) and at the SCR Catalyst Location (TC2) for Various
Vehicle Speeds
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As evidenced by Figure 4.1, the majority of the measured temperatures exceeded
200 °C, particularly at the point of urea injection. Further examination of the data reveals
that ~ 68% of the data measurements are at least 200 °C at TC1 and almost 50% of the
data meet this requirement at TC2.
4.3 Urea Injection Test Results

The urea injection map created by the procedures outlined in section 3.6 is shown
and discussed in this first portion of this section. The second and third portions include
the results found for the original and modified injector. These results are presented and
attainable flow rates for each of the injectors are discussed. Finally, a section containing
the updated injection map created at SwRI is included.

4.3.1 Urea Injection Map

After evaluating the NOx values and plugging in the ratio of 2 grams of urea per
gram of NOx produced, the urea injection map was created. This map is shown in Figure
4.2. As shown, the flow rate ranges from approximately 0 to 120 decigrams per minute
of 32.5% urea solution. Flow rates from 2 to 3 decigrams per minute value were
common for low engine speed and loads. From this map, an injection look-up table
based on engine speed and load was created.
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Figure 4.2.

Map Used to Determine Urea Injection Rates as a Function of Engine
Speed and Engine Load

4.3.2 Original Injector Calibration

The results of the calibration for the initial injector are shown in Table 4.5. As the
injection frequency decreased, the flow rate decreased. The lowest measured flow rate
observed was 8 decigrams per minute, occurring at 1.5 Hz, and the maximum flow rate
observed was 355 decigrams per minute, achieved at a frequency of 10 Hz. Linearity
was observed in graphs of injection rate versus duty cycle.
The first decision was the frequency at which the urea should be injected. The 10
Hz frequency achieved a minimum value at 5% duty cycle and was not able to achieve
values near what are desired for this project. Similar results are seen with 5 Hz and 2.5
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Hz, as the minimum flow rates exhibited were still too high. It was therefore decided to
inject the urea at a frequency of 1.5 Hz. This value allows for lower flow rate without
compromising the fineness of the spray.
Although the 1.5 Hz frequency is capable of flow rates as low as 8 decigrams per
minute, this rate still exceeds values seen in the injection map. After contemplating
possibilities for meeting the injection values recommended by the NOx map, a decision
was made to dilute the urea solution. The solution would be diluted to the point that at an
injection rate of 8 decigrams per minute, the amount of urea injected would equal the 2
decigram per minute rate with 32.5% wt. urea solution. As a result, the urea solution was
diluted to 8% wt. Prior to making this decision, it was observed that this dilution lowers
the maximum amount of urea injected to the 32.5% wt. solution equivalent of
approximately 86 decigrams per minute. Since this flow rate does not allow for the
necessary amount of urea to be injected at high load and engine speed operations, engine
variables were observed for the various drive cycles. The result of this inspection was
that the engine rarely experienced conditions in which such a large amount of urea was
needed, thus an 8% solution was used.
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Table 4.5.

Frequency
= 10 Hz

Frequency
= 5 Hz

Frequency
= 2.5 Hz

Frequency
= 1.5 Hz

Measured Urea Injection Values for Varying Frequencies and Duty Cycles
for the Injector with 0.007” x 0.005” Orifice Plate
Duty Cycle 0.25% 0.50% 0.75%
Injection
n/a
n/a
n/a
(decigram/min)

1%

3%

5%

58

58

58

20%
Duty Cycle
Injection
111
(decigram/min)

10% 15%
77

93

30%

50%

70%

80% 90% 95%

146

216

285

321

354

355

Duty Cycle 0.25% 0.50% 0.75%
Injection
n/a
n/a
28
(decigram/min)

1%

3%

5%

10% 15%

28

38

38

20%
Duty Cycle
Injection
91
(decigram/min)

56

74

30%

50%

70%

80% 90% 95%

127

196

267

302

338

353

Duty Cycle 0.25% 0.50% 0.75%
Injection
n/a
n/a
15
(decigram/min)

1%

3%

5%

10% 15%

15

24

29

20%
Duty Cycle
Injection
81
(decigram/min)

46

65

30%

50%

70%

80% 90% 95%

117

187

258

295

329

348

Duty Cycle 0.25% 0.50% 0.75%
Injection
8
9
11
(decigram/min)

1%

3%

5%

10% 15%

12

16

25

20%
Duty Cycle
Injection
77
(decigram/min)

43

30%

50%

70%

80% 90% 95%

114

184

254

290

325

62

343

4.3.3 Modified Injector Calibration

Evidenced by the results in Table 4.6, the flow rate values decreased significantly
for the modified injector. The minimum flow rate for the new injector, achieved at an
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injection frequency of 1.5 Hz, was 6 decigrams per minute. The maximum flow rate
observed also drastically decreased. The maximum was 193 decigrams per minute, seen
at 10 Hz frequency. As for the original injector, the modified injector’s flow rates
increased linearly as the duty cycle was increased.
After studying the data, it was decided to use a frequency of 1.5 Hz. The flow
rates observed for higher frequencies were still considered too high for this application.
The next lowest flow rate seen at a different flow rate was observed at 2.5 Hz, with a
minimum value of 10 decigrams per minute. This value is nearly twice the amount of
urea as what can be obtained by the 1.5 Hz frequency.
For the modified injector, a different approach was taken to meet all of the
necessary injection amounts. The minimum injection of 6 decigrams per minute still
exceeds the desired minimum injection; however, the maximum flow at this frequency is
188 decigrams per minute, thus, dilution would leave many of the high urea injection
areas on the injection map unattainable. It was decided to utilize the 32.5 % wt. solution
with this injector. This is also feasible due to the fact that the vast majority of the
reaction takes place on the catalyst surface, thus the instantaneous injection amount does
not need to be exact. In order to prevent overdosing since the injector is unable to
achieve some of the low flow rates, urea will not be injected when the engine is idling.
The small amount of NOx created at idle will react with the excess urea remaining on the
SCR.

105
Table 4.6.

Frequency
= 10 Hz

Frequency
= 5 Hz

Frequency
= 2.5 Hz

Frequency
= 1.5 Hz

Measured Urea Injection Values for Varying Frequencies and Duty Cycles
for the Injector with 0.005” x 0.005” Orifice Plate
Duty Cycle 0.25% 0.50% 0.75%
Injection
n/a
n/a
n/a
(decigram/min)

1%

3%

5%

38

38

39

20%
Duty Cycle
Injection
68
(decigram/min)

10% 15%
48

57

30%

50%

70%

80% 90% 95%

86

124

163

182

192

193

Duty Cycle 0.25% 0.50% 0.75%
Injection
n/a
n/a
19
(decigram/min)

1%

3%

5%

10% 15%

19

24

24

20%
Duty Cycle
Injection
53
(decigram/min)

34

43

30%

50%

70%

80% 90% 95%

71

111

148

167

187

192

Duty Cycle 0.25% 0.50% 0.75%
Injection
n/a
n/a
10
(decigram/min)

1%

3%

5%

10% 15%

10

14

17

20%
Duty Cycle
Injection
46
(decigram/min)

27

35

30%

50%

70%

80% 90% 95%

64

103

141

161

180

190

Duty Cycle 0.25% 0.50% 0.75%
Injection
6
6
7
(decigram/min)

1%

3%

5%

10% 15%

7

12

14

20%
Duty Cycle
Injection
43
(decigram/min)

24

30%

50%

70%

80% 90% 95%

62

99

139

159

178

34

188

4.3.4 Updated Urea Injection Map

For the final urea injection map, steady state data points were collected over the
full operating range of the engine. The desired urea flow rate at each of these points was
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then calculated, and these points were smoothed using MATLAB. The resulting urea
injection map is shown in Figure 4.3. From this map, a 20 by 20 look-up table was
created as a function of speed and load. Urea injection rates ranged from values close to
zero to injection rates as high as 300 decigrams per minute.

Figure 4.3.

Updated Map Created at SwRI Used to Determine Urea Injection Rates as
a Function of Engine Speed and Engine Load

4.4 NOx Testing Results with Initial Equipment

NOx testing was performed on the FTP-75, US06, SC03, and CX06 drive cycles.
First, the data were collected and placed into tables comparing NOx values for the three
modes of operation that were tested: diesel only without urea injection, hybrid without
urea injection, and hybrid with urea injection. Using these results, NOx reduction
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accomplished by hybridization, the urea SCR system, and the combination of these two
factors was found.
Testing results are shown in Tables 4.7, 4.8, and 4.9. All tables include the
standard deviation for the three tests used to find the average NOx emissions for each
cycle. Table 4.7 presents the measured results for the vehicle operated in diesel only
mode when no urea is injected. Table 4.8 gives the results for the vehicle in hybrid mode
without urea injection and compares NOx values to diesel only operation. This illustrates
the NOx reduction accomplished by hybridization. Table 4.9 provides the measured
values for the vehicle in hybrid mode with urea being injected and details NOx reduction
compared to the diesel only mode of operation, giving the total reduction accomplished
by the entire system. Table 4.9 also compares these NOx values to hybrid mode without
urea injection, giving the reduction achieved by the urea SCR system only.
Table 4.7.

Average NOx Values in Grams per Mile and Total Grams for Each of the
Drive Cycles in Diesel Only Mode
Diesel Only -- No Urea Injection

Drive Cycle

NOx Average
(g/mile)

Standard
Deviation

Average Total
NOx (grams)

FTP-75

1.17

0.046

13.30

US06

3.48

0.035

28.34

SC03

2.59

0.045

9.41

CX06

1.69

0.121

10.92
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Table 4.8.

Average NOx Values in Grams per Mile and Total Grams for Each of the
Drive Cycles in Hybrid Mode Without Urea Injection
Hybrid Mode -- No Urea Injection

FTP-75

NOx
Average
(g/mile)
1.09

US06

3.49

0.078

28.38

-0.29

SC03

2.4

0.180

8.72

7.34

CX06

1.39

0.101

9.02

17.75

Drive Cycle

Table 4.9.

0.055

Average
Total NOx
(grams)
12.41

% Reduction
by
Hybridization
6.84

Standard
Deviation

Average NOx Values in Grams per Mile and Total Grams for Each of the
Drive Cycles in Hybrid Mode With Urea Injection

Hybrid Mode -- Urea Injection SCR Reduction
Drive
Cycle

NOx
Average
(g/mile)

Standard
Deviation

Average
Total NOx
(grams)

% Total
Reduction

% Reduction
by Urea SCR
System

FTP-75

0.6

0.032

6.81

48.72

44.95

US06

1.28

0.045

10.30

63.22

63.32

SC03

1.58

0.020

5.76

39.00

34.17

CX06

0.67

0.045

4.34

60.36

51.80

This section contains results for cumulative NOx and vehicle speed versus time
for the four different cycles. In Figures 4.4, 4.5, 4.6, and 4.7, the average cumulative
NOx values representing all three modes of operation are plotted for each cycle. The
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cumulative NOx values are on the left y-axis while the vehicle speeds are on the right yaxis. These allow a means to identify the portions of the drive cycles where the most
NOx is produced and where the largest reductions are achieved. The reason that the
average vehicle speed for the drive cycle under all three modes of operation is graphed,
rather than graphing the speed only once, is to illustrate that the vehicle was faced with
the same driving conditions during all test modes. The individual runs driven for each
mode of operation and drive cycle are included in Appendix I.

4.4.1

NOx Reduction for FTP-75 Drive Cycle

The average NOx emission for the FTP-75 drive cycle was 1.17 grams per mile
when the vehicle was powered by the diesel engine alone. When the vehicle was
operated in hybrid mode, the NOx emissions were reduced by 6.8% for an output of 1.09
grams per mile. For the final phase of the test with the vehicle in hybrid mode and the
urea SCR system activated, the NOx emissions were reduced to 0.6 grams per mile.
When compared to the original NOx emissions for diesel only operation, the 0.6 grams
per mile output gave a 48.7% total reduction for the combination of hybridization and
urea SCR treatment. Comparison of the NOx values in hybrid mode with urea injection
to hybrid mode without urea injection, it was determined that the urea SCR system alone
accomplished 45% NOx reduction.
In Figure 4.4, during the FTP-75, a significant portion of the NOx was produced
during the acceleration to and driving spent at 55 miles per hour. This evidences the
importance of the load on the engine in the production of NOx. The higher the engine
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load, the more NOx produced. It is for this reason that the use of hybrid mode reduced
NOx output. While the cycle has many accelerations, these accelerations are not as
severe as will be seen in some other drive cycles, thus explaining why only 6.8% NOx
reduction was accomplished by hybridization alone.
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Figure 4.4.

Average Cumulative NOx and Vehicle Speed Plots for the FTP-75 Drive
Cycle for the Three Modes of Operation

When comparing SCR reduction of this cycle to other cycles, the reduction was
second lowest. It is proposed that the reason for this smaller NOx reduction value is due
to the fact that majority of this cycle is performed below 40 miles per hour. The result of
these lower speeds is lower temperatures in the exhaust pipe, thus neither providing
optimum temperatures for urea decomposition nor the SCR reaction. In Figure 4.4,
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during the second acceleration to 55 miles per hour, less NOx was produced than during
the first acceleration to 55 miles per hour for the urea injection mode of operation.
During the first acceleration, the cumulative NOx values increased from 0.2 to almost 3
grams, while the second acceleration caused the cumulative NOx to increase from 5 to 6.5
grams, thus the second acceleration produced slightly more than half the NOx created
during the first acceleration. It is believed that the reason for the higher NOx production
at the beginning of the cycle was due to insufficient warm-up.

4.4.2 NOx Reduction for US06 Drive Cycle

The US06 drive cycle consists of fast accelerations and high speed driving. It is
due to this type of driving that the NOx emissions were much higher for this cycle. When
this cycle was driven in diesel only mode, the engine produced 3.48 grams per mile of
NOx, the highest value for any of the cycles driven. An unexpected observation was
observed as the NOx emissions increased to 3.49 grams per mile when the cycle was
driven in hybrid mode. Although this value does not imply a significant increase, it was
hoped that a significant decrease would be observed. The final test procedure, with the
vehicle operating in hybrid mode and the urea SCR system activated, produced 1.28
grams per mile of NOx. From this reduction, it was concluded that the overall system
provided a 63.2% reduction in NOx, while the SCR system alone was responsible for a
63.3% NOx reduction.
The US06’s fast accelerations and high-speed driving lead one to expect
significant NOx reduction when the vehicle is operated in hybrid mode. As evidenced by
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Figure 4.5, the hybrid mode produced considerably less NOx during the initial
accelerations; however, further observation indicates that, during the high speed steady
state driving, the NOx production for hybrid mode without SCR surpassed the NOx
production for diesel only mode. The reason for the excess NOx production during
hybrid mode was due to the control strategy implemented at the time of testing. The
strategy used steady-state operation to charge the batteries, thus placing an increased load
on the engine. The load experienced was more significant when the state of charge of the
battery was lower; therefore, the load was higher after the rigorous acceleration
approximately 120 seconds into the drive cycle, due to the effect of this acceleration on
the battery’s state of charge. The result of this cycle’s combination of hard accelerations
and high-speed steady state driving was that the benefits and consequences cancel each
other, making the hybrid mode and diesel only mode raw emissions approximately the
same.
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Cumulative NOx and Vehicle Speed vs. Time for US06
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Figure 4.5.

Average Cumulative NOx and Vehicle Speed Plots for the US06 Drive
Cycle for the Three Modes of Operation

Although the NOx reduction via hybridization for this cycle was disappointing,
the urea SCR system results were the best for this cycle, showing greater than 63%
reduction. It is believed that the high-speed driving of this cycle resulted in higher
temperatures, and ultimately more NOx reduction. It also appears that the slope of the
cumulative NOx line for this mode of operation decreased as the cycle time increased.
This provides additional support for the conclusions that the warm-up mode did not allow
the exhaust temperatures to reach the SCR system’s optimal operating temperature.
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4.4.3 NOx Reduction for SC03 Drive Cycle

The accelerations and speeds are considerably slower for the SC03 cycle, but the
requirement that the air conditioner must be operating throughout the cycle causes an
increased load on the engine, thus elevating NOx emissions. The operation of the air
conditioner caused such a significant increase in engine load that the NOx emissions for
diesel only mode were second highest of all the cycles, emitting 2.59 grams per mile.
When the vehicle was switched to hybrid mode, NOx emissions were slightly decreased
to 2.4 grams per mile, a 7.3% decrease. During the mode of operation with the vehicle in
hybrid mode and the SCR system activated, the NOx emissions were decreased to 1.58
grams per mile. The use of the hybrid operation combined with the activation of the urea
SCR system resulted in a total NOx reduction of 39%, while the urea SCR system alone
achieved a 34.2% reduction.
As was expected, the hybrid system slightly decreased the NOx emissions for the
SC03 cycle. As shown in Figure 4.6, NOx reductions for the hybrid operation were
observed during the accelerations of this event. If the accelerations had been steeper or
more frequent, it is believed that more NOx reduction would be accomplished by
operating the vehicle in hybrid mode.
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Cumulative NOx and Vehicle Speed vs. Time for SC03
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Figure 4.6.

Average Cumulative NOx and Vehicle Speed Plots for the SC03 Drive
Cycle for the Three Modes of Operation

The final mode of operation, hybrid mode with the urea SCR system activated,
experienced the least reduction for this cycle than in any of the other cycles. The urea
SCR system was credited with just over 34% reduction. It is believed that the small
reduction was due to the mild driving behavior of this cycle. It is also evident that the
slope of the line for the vehicle in hybrid mode with the urea SCR system activated is
somewhat constant throughout the cycle during similar accelerations. This observation is
in contrast to the previous cycles where the slope generally decreased over the course of
the cycle. It can thus be inferred that the cycle did not provide the necessary
temperatures for optimal urea decomposition and SCR reaction.
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4.4.4 NOx Reduction for CX06 Drive Cycle

The final drive cycle used for this series of testing was the CX06 cycle. This
cycle has steep accelerations but maintains relatively low speeds. The result of these low
speeds was that this cycle produced the next to lowest NOx emissions of the cycles
driven, 1.69 grams per mile. When the mode of operation was switched to hybrid
without the urea SCR system activated, the NOx emissions were 1.39 grams per mile, a
reduction of 17.8%. In the final test performed with the vehicle’s hybrid and urea SCR
systems activated, an average value of 0.69 grams per mile was observed. Using these
numbers, the urea SCR system was credited with a 51.8% reduction, while the hybrid
mode with urea SCR activated accomplished a total reduction in excess of 60%.
The 17.8% NOx reduction achieved by operating the vehicle in hybrid mode was
substantially more than the hybrid reduction experienced for any of the other cycles. It is
assumed that the reason for this reduction is due to fast accelerations experienced for this
cycle. As discussed previously, the diesel engine experiences an increased load during
steady-state operation. Although there are several steady state portions for this cycle, the
amount of load is dependent upon the battery state of charge and the battery state of
charge remains higher during this cycle than during the US06 cycle. Although the load is
less than for the US06, it remains evident in Figure 4.7 that during the steady state
operation at 30 miles per hour (approximately 320 to 500 seconds), the rate of NOx
production was higher for the vehicle in hybrid mode without urea injection than in diesel
only mode. For this cycle, the decrease in NOx accomplished as a result of the severe
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accelerations significantly overcomes the small amount of excess NOx production seen
during the steady state operation.

Cumulative NOx and Vehicle Speed vs. Time for CX06
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Figure 4.7.

Average Cumulative NOx and Vehicle Speed Plots for the CX06 Drive
Cycle for the Three Modes of Operation

For the CX06 drive cycle, the second highest urea SCR system NOx reduction
was achieved. The 51.8% NOx reduction realized by the SCR system alone can be
attributed to the fact that the cycle is somewhat rigorous, thus allowing for the desired
higher temperatures. Although the speeds are similar to that of the FTP-75, this drive
cycle has more aggressive accelerations, which are believed to cause higher temperatures
allowing for improved SCR reduction. It is also evident in this cycle that SCR reduction
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becomes more effective as the cycle progresses, once again indicating temperatures
increasing as the cycle progressed.
4.5 Results from V2O5 Catalyst Comparison with Modified System

The primary objective of the V2O5 catalyst comparison tests was to determine the
optimum catalyst volume for the 1.9L GM Diesel engine. As discussed in section 3.8.3,
the three variables to be evaluated are NOx reduction as determined by the newly
installed sensors, the temperature drop from the pre-catalyst RTD to the post-catalyst
RTD, and NOx emissions in grams per mile using concentrations provided by the Horiba
MEXA-720 NOx. Results shown in Table 4.10 indicate that the new V2O5 catalyst
proved superior to the original catalyst in all three areas of interest. Details and plots
concerning the evaluation of each of these parameters are provided in this section.
Table 4.10.

Results from Test Comparing the New and Original V2O5 Catalyst

Parameter Measured

Average Pre-Catalyst NOx
Concentration (ppm)
Average Post-Catalyst
NOx Concentration (ppm)
NOx Reduction (%)

New Catalyst

Original Catalyst

331.3

320.5

155.4

200.2

53.1

37.5

Average Pre-Catalyst
Temperature (°C)
Average Post-Catalyst
Temperature (°C)
Average Temperature
Drop

216.5

223.3

205.2

171.2

11.3

52.2

NOx Value (g/mile)

0.68

0.92
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The first parameter evaluated for each catalyst was the NOx concentration
reduction from the inlet to the outlet of the SCR catalyst bed. As shown in Table 4.10,
the average reduction for the new catalyst was 53.1%, while reduction achieved by the
original catalyst was only 37.5%. Plots of the pre- and post-catalyst NOx concentrations
are shown for the new and original catalyst in Figures 4.8 and 4.9, respectively. Also
included on these graphs is the exhaust temperature experienced at the location where the
urea is injected. The temperature is included to illustrate where more NOx reduction is
expected.
Figure 4.8 shows that NOx reduction increased as the pre-catalyst temperature
increased, for the new catalyst. This conclusion is indicated by the difference in the preand post-catalyst NOx concentration peaks for various points in the cycle, displaying the
importance of temperature to the effectiveness of the catalyst. By the 500 second
timestamp, the post-catalyst NOx concentrations spikes were significantly lower than for
the first half of the cycle.
Although the increased temperature results in significant reduction increase for
the new catalyst, observation of Figure 4.9 reveals that the same was not true for the new
catalyst. While the reduction does appear improved as the temperatures increase, the
reduction was not as substantial. The post-catalyst NOx concentration spikes still reach
500 parts per million (ppm) frequently during the second half of the cycle. Over this
same time period, the post-catalyst concentration for the new catalyst remained below
400 ppm. In order to better understand the behavior of these catalysts, pre- and postcatalyst temperatures are further explored.
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Table 4.10 also shows that the average temperature drop for the new catalyst was
11.3°C, while the original catalyst averaged a 52.2°C temperature drop. Figures 4.10 and
4.11 display the pre and post-catalyst temperatures experienced over the course of the
cycle for the new and original catalysts, respectively. Figure 4.10 shows that, as the precatalyst temperatures of the new catalyst reach approximately 240 °C, the majority of the
post-catalyst temperatures are above 220 °C. The post-catalyst temperature approximates
the actual catalyst temperature, allowing for inferences to be made about the potential
effectiveness of the reaction. The fact that the estimated catalyst temperature is 220 °C
explains why more reduction is seen with the new catalyst
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Observation of Figure 4.11 shows that the pre-catalyst temperature exceeded 240
°C for a significant amount of time, meaning that the urea should have ample temperature
for decomposition. However, the post-catalyst’s maximum temperature was 190 °C, well
below the post-catalyst temperature for the new catalyst. The lower post-catalyst
temperature leads to the conclusion that the catalyst never reached an optimal
temperature for SCR reduction, thus explaining the poor NOx reduction during the second
half of the cycle. The fact that the post-catalyst temperature was so low, even after an
extended period of time with a relatively high pre-catalyst temperature, leads to the
conclusion that this catalyst may never reach an effective temperature for urea SCR
reduction with this engine.
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The final results considered from this test were the overall NOx emissions. For
the original catalyst, the measured NOx emissions were 0.92 grams per mile. For the new
catalyst, the measured NOx emissions were 0.68 grams per mile, a 26% decrease. Over
the 6.5 mile course, the system with the original catalyst emitted approximately 6 grams
of NOx, while the system equipped with the new catalyst resulted in the production of
less than 4.5 grams of NOx. The cumulative NOx graph for the urea SCR system with
each catalyst is shown in Figure 4.12. Examination of this figure shows that significantly
more NOx was produced for the original catalyst during the acceleration occurring at 200
seconds. It can also be seen that the slope of the line for the portion of the cycle after 500
seconds is flatter for the new catalyst. This once again supports the importance of
elevated catalyst temperature.

7

70

6

60

5

50

4

40

3

30

2

20

1

10

0
0

100

200

300

400

500

600

700

800

Vehicle Speed (mph)

Cumulative NOx (grams)

Cumulative NOx and Vehicle Speed vs. Time
for CX06 Drive Cycle

New
Catalyst
NOx

Original
Catalyst
NOx

Speed

0
900

Time (s)

Figure 4.12.

Cumulative NOx and Vehicle Speed versus Time for the New and Original
Catalysts

124
4.6 Results for the Testing Performed at SwRI

The tests performed at SwRI allowed for the overall NOx and PM emissions to be
evaluated. The NOx testing aided in determining whether the zeolite or V2O5 catalyst
was more effective for this application. The equipment available at SwRI allowed for the
pre-catalyst and post-catalyst NOx values to be evaluated simultaneously; thus, NOx
reduction was calculated for each cycle run. This section includes a table comparing the
NOx and PM test results as well as graphs which allow for analysis of when the NOx
values are formed and when reduction is best.
As evidenced in Table 4.11, the zeolite catalyst achieved more reduction for both
the CX06 and UDDS drive cycles. The average reduction for the tests when using the
V2O5 catalyst was just under 42% while almost 50% reduction was achieved by the
zeolite catalyst. It is believed that the presence of a diesel oxidation catalyst (DOC) in
this vehicle caused the zeolite catalyst to be more effective. The DOC converts a
majority of the raw NO emissions to NO2, which is more effectively reduced by the
zeolite catalyst, as discussed in Section 2.5.2.
Also listed in Table 4.11 are the PM emissions measured for each drive cycle.
These data indicate that the greatest PM value measured was 1.8 milligrams per mile.
This value easily meets the Tier 2 Bin 5 standard of 10 milligrams of PM per mile, thus it
appears that the DPF was performing properly.
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Table 4.11.

Results from Emission Testing Performed at SwRI for the New V2O5
and Zeolite Catalysts Performed on the CX06 and UDDS Drive Cycles
PostCatalyst
NOx
(g/mile)

Catalyst
Used

Drive
Cycle

PreCatalyst
NOx
(g/mile)

V2O5

CX06

2.01

1.18

41.06

1.80

6.44

Zeolite

CX06

2.08

1.08

48.08

0.00

6.37

V2O5

UDDS

1.71

0.99

42.43

0.00

7.43

Zeolite

UDDS

1.79

0.87

51.32

0.40

7.40

Cycle
%
PM
Distance
Reduction (mg/mile)
(miles)

4.6.1 NOx Reduction for the CX06 Drive Cycle with New Catalysts

From Table 4.11, the V2O5 catalyst accomplished 41.06% NOx reduction for the
CX06 drive cycle, while the zeolite catalyst accomplished over 48% NOx reduction.
Comparison of Figures 4.13 and 4.14 show that the post-catalyst NOx flow rates did not
differ greatly between the two catalysts; however, the majority of the post-catalyst NOx
spikes were slightly higher for the V2O5 catalyst. For example, the first two spikes with
the V2O5 catalyst reveal NOx flow rates of approximately 2.2 and 3.2 grams per minute,
respectively, while these same two spikes with the zeolite catalyst were 1.2 and 2.0 grams
per minute of NOx. This trend appears to continue over the course of the cycle with the
lone exception being the spike just after 200 seconds for each catalyst. Each of the spikes
correlates with drive cycle accelerations; thus, it appears that the zeolite catalyst was
more effective than the V2O5 catalyst during accelerations. To see the accelerations
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corresponding to the NOx spikes, the CX06 drive cycle results are shown in Figures 4.15,
4.16, and 4.17.
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Figure 4.13.
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using Zeolite Catalyst
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Figure 4.14.

NOx Flow Rates Experienced Before and After the Zeolite SCR Catalyst
During the CX06 Drive Cycle
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Figures 4.15 and 4.16 show the pre- and post-catalyst NOx values for the CX06
cycle tests performed with the V2O5 and zeolite catalysts, respectively. In order to better
illustrate the differences in NOx accumulation over the course of the cycle, Figure 4.17
compares the post-catalyst NOx values for each catalyst. The data indicate that
significantly less NOx was produced for the system using the zeolite catalyst during the
first 300 seconds. However, during the long steady-state at 30 miles per hour, the V2O5
catalyst appeared to be more effective. Following the steady-state, the slope of the
cumulative NOx graph for the remainder of the cycle appears to be flatter for the zeolite
catalyst. Analysis of these graphs shows that the zeolite catalyst more effectively
reduced NOx during accelerations compared to the V2O5 catalyst. This supports the
observations made when comparing the NOx flow rates for the catalysts in Figures 4.13
and 4.14.
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Figure 4.15.
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Cumulative NOx and Vehicle Speed versus Time for the CX06 Drive
Cycle with NOx Reduction Being Accomplished by the Zeolite SCR
Catalyst
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Figure 4.17.

NOx Accumulation Comparison of Urea SCR System when Using the
Zeolite SCR Catalyst versus the V2O5 SCR Catalyst for the CX06 Drive
Cycle

4.6.2 NOx Reduction for the UDDS Drive Cycle with New Catalysts

Table 4.11 shows that the effectiveness of both catalysts improved for the UDDS
cycle with the zeolite catalyst once again accomplishing greater NOx reduction. The
V2O5 catalyst achieved just over 42% NOx reduction while the zeolite catalyst attained a
51.32% reduction. Figures 4.18 and 4.19 again show that the post-catalyst NOx flow rate
peaks for the zeolite catalyst were consistently lower than for the V2O5 catalyst. This is
especially evident from the 500 second timestamp through the end of the cycle.

130
NOx Flowrate vs. Time for UDDS
using V2O5 Catalyst
7

PreCatalyst
6

NOx Flowrate (g/min)

Post
Catalyst
5

4

3

2

1

0
0

200

400

600

800

1000

1200

1400

Time (s)

Figure 4.18.

NOx Flow Rates Experienced Before and After the V2O5 SCR Catalyst
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NOx Flow Rates Experienced Before and After the Zeolite SCR Catalyst
During the UDDS Drive Cycle
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The cumulative NOx values before and after the catalysts are shown in Figures
4.20 and 4.21. The cumulative post-catalyst NOx production for each of the catalysts is
then compared directly in Figure 4.22. Figure 4.22 shows that the NOx produced for both
catalysts was approximately the same until the acceleration to 55 miles per hour.
Throughout the remainder of the cycle, the V2O5 system continued to produce slightly
more NOx than the system with the zeolite SCR catalyst. This is consistent with the
comparison of the NOx flow rates, shown in Figures 4.18 and 4.19. Although no single
point beyond 400 seconds shows drastically more NOx production for the V2O5 catalyst,
the combinations of higher NOx emissions during each acceleration becomes significant
over time.
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Cumulative NOx and Vehicle Speed versus Time for the UDDS Drive
Cycle with NOx Reduction Being Accomplished by the V2O5 SCR
Catalyst
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Figure 4.21.
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NOx Accumulation Comparison of Urea SCR System when Using the
Zeolite SCR Catalyst and the V2O5 SCR Catalyst for the UDDS Drive
Cycle

CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The purpose of this thesis was to evaluate NOx and particulate matter (PM)
emissions reduction for a light-duty diesel-electric vehicle. Following a comprehensive
literature review of possible emissions reduction systems, a urea injection selective
catalytic reduction (SCR) system for NOx reduction and a diesel particulate filter (DPF)
for PM reduction were selected. Tests were performed on the urea SCR system in three
phases. The first phase was a test of the original system. The second phase was to
compare NOx reduction for a new catalyst to that of the original catalyst, both vanadium
pentoxide (V2O5) SCR catalysts, but with different volumes. The final phase was to
compare the new V2O5 catalyst to a zeolite SCR catalyst of the same volume. The final
two test phases were performed with a different urea injector from the first test. Also
considered in this thesis was the NOx reduction accomplished by hybridization.
Although this reduction was noticeable, particularly for the CX06 cycle, the focus of this
thesis was on development of the urea SCR system, thus the effect of hybridization on
NOx emissions was only evaluated during the first test phase.
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During the first phase of testing, NOx reduction was found by comparing NOx
emissions in grams per mile with and without urea injection. The second phase of testing
allowed for NOx reduction to be calculated by comparing the newly installed pre- and
post-catalyst NOx sensors. However, NOx emissions were also measured in grams per
mile using the same equipment as for the first phase, allowing a comparison of first and
second phase test results using the grams per mile value. The final measurements were
taken using an entirely different system at SwRI. The pre- and post-catalyst NOx values
were both known, allowing for reduction calculation to be performed, but the different
system makes it difficult to compare these reductions directly to the previously calculated
values. It was decided that the SwRI testing would be used primarily to determine the
most effective catalyst. Also, the only cycle driven for all three test phases was the CX06
drive cycle; therefore, results discussed in this section were all measured for the CX06
cycle.
The original urea SCR system accomplished 51.8% NOx reduction in the initial
testing performed, giving a NOx emissions value of 0.67 grams per mile with the car in
hybrid mode. During the second test, the same SCR catalyst was tested with the only
difference being the addition of the modified urea injector. The result was a NOx output
of 0.92 grams per mile. This test comparison indicated that the modified injector is not
operating properly. The urea SCR system with the new V2O5 catalyst and the modified
injector was then tested, resulting in a NOx rating of 0.68 grams per mile. From this test,
it was determined that the new V2O5 catalyst performed better with this system and the
original V2O5 catalyst.
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The final tests were performed at Southwest Research Institute (SwRI). Since the
original catalyst was demonstrated to be less effective, the new V2O5 catalyst and the
zeolite catalyst were compared. The testing at SwRI was performed on a 2-wheel chassis
dynamometer, meaning that NOx emissions could not be evaluated in hybrid mode.
Thus, it was decided to only compare NOx reduction accomplished by each catalyst. For
the CX06 cycle, the zeolite catalyst achieved 48.08% NOx reduction while the new V2O5
catalyst only achieved 41.06% NOx reduction. These test results led to the conclusion
that the zeolite SCR catalyst was most effective for this system. It is believed that more
NOx reduction would have been accomplished, had the original injector been used.
Also tested at SwRI were the PM emissions. The PM results from the tests were
all below levels regulated by the environmental protection agency (EPA). It was
determined that the DPF was performing properly and should not be altered.
5.2 Recommendations for Future Work

It was believed that the lower NOx flow rates possible by the new injector would
increase NOx reduction. Further exploration showed that the modified injector was not
operating properly for the final two tests, thus little ammonia was available for NOx
reduction. Inspection of the exhaust pipe after testing revealed that a large amount of
urea had collected in the exhaust pipe, as shown in Figure 5.1. Thus, one area for future
work is to achieve better atomization of urea in hopes that improved NOx reduction can
be accomplished.
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Figure 5.1.

Urea Deposits Inside Exhaust Pipe Between the Injector and the SCR
Catalyst

Another area of future work is to achieve higher exhaust temperatures at the point
of urea injection and at the SCR catalyst. Studies examined during the literature review
showed that an optimal reduction temperature for SCR catalysts is approximately 300 ºC.
As evidenced by the results discussed in Chapter 4, pre-catalyst temperatures rarely
exceeded 250 ºC. Although engine outlet temperatures are not known, it is probable that
heat is being lost to the atmosphere, despite attempts to insulate the exhaust pipe. Further
research should be performed to improve exhaust pipe insulation.
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APPENDIX A
AFR CALCULATION FOR DIESEL
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Stoichiometric equation for light-duty diesel fuel:

C12.3 H 22.2 + 17.85O2 + 17.85(3.76) N 2 ⎯
⎯→12.3CO2 + 11.1H 2 O + 17.85(3.76) N 2

(A.1)

Mass of ( C12.3 H 22.2 ) = 12.011(g/mol)*12.3 + 1.0079(g/mol)*22.2 = 170.11 g
Mass of (O2)

= 15.9994(g/mol)*17.85*2 = 571.18 g

Mass of (N2)

= 14.0067(g/mol)*17.85*3.76*2 = 1880.15 g

Mass of (Air)

= MW(O2) + MW(N2) = 2451.33 g

.

AFR =

m air
.

m fuel

=

2451.33( g)
170.11( g )

= 14.41

(A.2)

APPENDIX B
TIER II EMISSIONS STANDARDS
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The complete table of Tier 2 emissions standards for vehicles with an estimated
useful life of 120,000 miles is given in Table B.1. The emissions tested are particulate
matter (PM), oxides of nitrogen (NOx), non-methane organic gases (NMOG), carbon
monoxide (CO), and formaldehyde. All values listed in the table have units of
grams/mile. Bins 9, 10, and MDVP are temporary and will be removed completely at the
end of the 2008 model year.
Table B.1. Tier 2 Emissions Standards for Light-Duty Vehicles [5]

Bin #

PM
(g/mile)

NOx
(g/mile)

NMOG
(g/mile)

CO (g/mile)

Formaldehyde
(g/mile)

MDVP

0.12

0.90

0.280

7.3

0.032

10

0.08

0.60

0.156

4.2

0.018

9

0.06

0.30

0.090

4.2

0.018

8

0.02

0.20

0.125

4.2

0.018

7

0.02

0.15

0.090

4.2

0.018

6

0.01

0.10

0.090

4.2

0.018

5

0.01

0.07

0.090

4.2

0.018

4

0.01

0.04

0.070

2.1

0.011

3

0.01

0.03

0.055

2.1

0.011

2

0.01

0.02

0.010

2.1

0.004

1

0.00

0.00

0.000

0.0

0.000
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In order to collect the necessary data, LabView programs were developed to log
these data. LabView contains virtual instruments (VI’s) that write the computer
programming code for the user. VI’s are illustrated by small boxes with a slight
description of the operation each performs.
The majority of the signals measured are analog signals. The exception is the
Horiba MEXA-720 NOx, which transmits all data by serial communication. The first two
sections will discuss how the serial and analog signals are logged. Also included is the
program that combines these signals into a single program and then sends the results to a
spreadsheet for calculations to be performed.
C.1 Acquiring Serial Communication

The front panel and block diagram for the program used to acquire the RS-232
signal are pictured in Figures C.1 and C.2, respectively. The front panel is where the data
are displayed and, the block diagram is the where the program is written. The first step,
which is located on the far left of the block diagram, is where the user indicates the
source for the signal to be read. The second step is performed in the VI directly to the
right, and its purpose is to clear any previous data that may be stored. As mentioned
previously, the MEXA-720 NOx has the capability of measuring four signals, but can
only transmit two. The NOx signal is always sent, but only one of AFR, lambda (λ), and
%O2 may be transmitted. The key to choosing the desired signal is in the lower left hand
corner of the loop. Option 0 gives an output of %O2, option 1 provides AFR, and option
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2 gives λ. Option 1 was usually selected due to the desired output being AFR. This
string is connected to the write VI, which instructs the analyzer to output NOx and AFR.

Figure C.1.

Front Panel Display for Serial Communication Signals

Figure C.2.

VI Used to Receive and Transmit Serial Communication Signals
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The next step includes another write VI. This time the string attached is
“?SEND:”, which requests that the analyzer send the values specified by the first write
VI. Once this command is sent, the analyzer responds by sending measured values,
which are received by the read VI. The read VI outputs the message sent and can be seen
on the front panel in the box titled “read buffer”. The next set of VI’s is required to
enable an individual reading for each value. These VI’s can measure subsets of the string
being transmitted. The string subset VI has two small boxes to the left which control
where to start reading and how long to read. The top number indicates which character
the VI should begin reading and the bottom number controls how many characters are to
be read. The next VI converts strings to numbers, and the numbers have indicators
placed on them, displaying the values on the front panel. The numbers are then saved in
the small box, called a tunnel, located on the edge of the loop. The tunnels have been
setup so that the numbers are indexed, which will save all values. After the user decides
to stop the testing, all indexed values are sent to the array located outside the loop.
It is also important to know when these numbers are recorded, thus a timestamp is
also logged. The clock outside the loop has time prior to beginning operation, and the
clock inside the loop has the time at which each value is recorded. The beginning time is
subtracted from each loop time and then multiplied by 1000 to convert time from
milliseconds to seconds. The time is sent to the array along with the information received
from the analyzer.
Also included in the block diagram is a wait VI. This allows for the user to
designate a time for the program to wait before requesting another sample. Without this
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delay, the program could receive information too fast and cause an error. The delay VI
has a box on the front panel which allows the user to control the value. Finally, there is a
small stop VI in the lower right-hand corner of the block diagram, which places a stop
button on the front panel. Once the stop button is pressed, all information is sent to the
previously mentioned array, and from there is sent to the write to spreadsheet VI. This
final VI collects the information from the array, prompts user for a file name to save, and
sends the data to that file.
C.2. Acquiring Analog Signals

The front panel and the block diagram’s basic structure are shown below in
Figures C.3 and C.4, respectively. Two features that remained the same between the
programs are the delay, so they will not be discussed again. This program is responsible
for logging engine speed, engine torque, MAF, vehicle speed, and exhaust temperature.
All information is received from the USB-6009.

Figure C.3.

Front Panel Display for the Analog Communication Signals
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Figure C.4.

VI Used to Receive and Transmit Analog Communication Signals

In the block diagram for the analog signals, the channel from which the signal is
desired must be chosen first. Also set up in the channel for each signal is a scale that
converts the signal received to the value in its desired terms. An indicator is also placed
on signal, which allows for the value to be seen on the front panel. The biggest
difference between this program and the previous program is the stacked sequence
structure. Each desired signal has a frame, and after one signal is read, the program
moves on to the next frame. Only the engine speed frame is pictured below, but all
frames look identical. All of the signals are recorded for an individual timestamp, and
then the loop starts over. This cycle repeats until the user stops the program. The values
are then sent to an array and then logged to a spreadsheet, just as done in the RS-232
program. This process could be easily followed to add or remove signals to this program.
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C.3. Acquiring Analog and Serial Signals Simultaneously

The final step to acquiring all of the desired data at one time is combining these
two programs into one. It was decided that the format of the analog program would be
used, but the serial program would be added in as an additional frame. This additional
frame is pictured in Figure C.5.

Figure C.5.

VI Used to Receive and Log Serial and Analog Signals Simultaneously

Another addition made when combining the reading of the signals was a graph to
be displayed on the front panel while the test is being run. The front panel is shown in
Figure C.6. An additional picture of the block diagram is shown in Figure C.7; however,
in this figure, the block diagram captures the frame that is responsible for creating the
graph on the front panel. This program was setup as an additional frame to the stacked
sequence structure. The graph was created by giving the necessary data to the chart all
xy buffer VI. This VI is shown on the block diagram and is recognized by the letters
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“buf” in the VI box. The VI is given information from the bundles with the value of each
parameter at a given time and is also instructed how many points to include on the screen
at a given time. The current setup provides for 1000 points to be seen at any given time.
All other data are collected just as described in the previous two parts of this section.

Figure C.6.

Front Panel Display for the Program Used to Log Serial and Analog
Signals

Figure C.7.

VI Block Used to Send Graphical Representation of Each Analog Signal
to the Front Panel

APPENDIX D
ERROR ANALYSIS FOR THERMOCOUPLE READER
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The USB-9211 was stated in the text to have less than 3 ºC error for the
temperature range of 0 ºC to 800 ºC. This is based on the information in product manual
[63]. This graph is for K-Type thermocouples.

Figure D.1.

Error Analysis for USB-9211 Thermocouple Analyzer When Measuring
with Type-K Thermocouples

APPENDIX E
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In order to calculate NOx in grams per mile, NOx was first calculated in grams per
minute using NOx concentration, exhaust flow rate, and a Universal Gas Constant. The
assumption of ideal gas behavior was made.

.

NO x (

g
)=
min

V(

ft 3
lb
g
) * MW (
) * P(atm) * 453.59( )
min
lbmol
lb
3
atm * ft
1.31443(
) * T (K )
lbmol * K

(E.1)

Next, the constant values used were plugged into the equation. These values were 46
lb/lb-mol for the molecular weight of the NOx as displayed by the sensors and 1 atm for
the pressure due to atmospheric pressure assumption. The temperature is normally
displayed as °C, so conversion to absolute units of K was required.

ft 3
lb
g
V(
) * 46(
) * 1(atm) * 453.59( )
g
min
lbmol
lb
NO x (
)=
3
atm * ft
min
1.31443(
) * (T + 273.15)( K )
lbmol * K
.

(E.2)

Finally, to convert the values from grams per minute to grams per mile, the NOx
values in grams per mile and the vehicle speed in miles per hour, v, were averaged over
the entire drive cycle.
g
)
g
min
NO x (
)=
1 hr
mile
mile
v(
)* (
)
60 min
hr
NO x (

(E.3)
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•

•

V =

Using the formula:

m
(F.1)

ρ

The density of air is first calculated:
ρair(kg / m3) =

P* MWair
29(kg)
(mol− K)
(kg − mol) 1000(cm3) 1
(F.2)
= 1(atm) *
*
*
*
*
R*T
(kg − mol) 82.057(cm3 − atm) 1000(g − mol)
(m3)
T (K)

Next, eq. (F.2) is plugged into Eq. (F.1):
.

m air ( g / s ) 60( s ) 1(kg )
1( ft 3 )
*
*
V air ( ft / min) =
*
ρ air (kg / m 3 ) (min) 1000( g ) 0.3048 3 (m 3 )
.

3

(F.3)

Now the density of fuel is calculated:
ρ fuel(kg/ m3 ) =

P*MWfuel
R*T

194.04(kg)
(mol− K)
(kg− mol) 1000(cm3 ) 1
=1(atm)*
*
*
*
*
(kg− mol) 82.057(cm3 − atm) 1000(g − mol)
T(K)
(m3 )

(F.4)

Next eq. (F.4) is used, but AFR is also used to account for mass flow of fuel:
.

m air ( g / s) 60(s) 1(kg )
1( ft 3 )
1
V fuel ( ft / min) =
*
*
*
*
3
3
3
.
ρ air (kg / m ) (min) 1000( g ) 0.3048 (m ) AFR(m air / m. fuel )
.

3

(F.5)

Finally, the volumes calculated in Eq. (F.3) and Eq. (F.5) are added together:
.

.

.

V total = V air + V

fuel

(F.6)
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MWurea = 60.06

g
mol

MWwater = 18.02

g
mol

MW32.5% wt. urea solution = 0.325 ∗ MWurea + 0.675 ∗ MWwater

(G.1)

g ⎞ ⎛
g ⎞
⎛
= ⎜ 0.325 ∗ 60.06
⎟ + ⎜ 0.675 ∗ 18.02
⎟
mol ⎠ ⎝
mol ⎠
⎝
g
MW32.5% wt. urea solution = 31.68
mol
g
g
MWNO2 = 46
MWNO = 30
mol
mol
Ratio for grams of 32.5% wt. urea solution per gram of NO:
⎛ 1 mol NO ⎞ ⎛ 1 mol NH 3 ⎞
⎟⎟ ∗ ⎜
grams 32.5% wt. urea Solution = 1 gram NO ∗ ⎜⎜
⎟
⎝ 30 grams NO ⎠ ⎝ 1 mol NO ⎠
⎛ 1 mol urea ⎞ ⎛ 1 mol urea soln ⎞ ⎛ 31.65 grams urea solution ⎞
⎟⎟ ∗ ⎜
∗ ⎜⎜
⎟
⎟∗ ⎜
mol urea solution
⎠
⎝ 2 mol NH 3 ⎠ ⎝ 0.325 mol urea ⎠ ⎝

(G.2)

= 1.62 grams urea solution;
Therefore, for every gram of NO, 1.62 grams of urea solution is required.
Ratio for grams of 32.5% wt. urea solution per gram of NO:
⎛ 1 mol NO 2 ⎞ ⎛ 1 mol NH 3 ⎞
⎟⎟
⎟⎟ ∗ ⎜⎜
grams 32.5% wt. urea Solution = 1 gram NO 2 ∗ ⎜⎜
⎝ 46 grams NO 2 ⎠ ⎝ 1 mol NO 2 ⎠
⎛ 1 mol urea ⎞ ⎛ 1 mol urea soln ⎞ ⎛ 31.65 grams urea solution ⎞
⎟⎟ ∗ ⎜
∗ ⎜⎜
⎟
⎟∗⎜
mol urea solution
⎠
⎝ 2 mol NH 3 ⎠ ⎝ 0.325 mol urea ⎠ ⎝

= 1.06 grams urea solution;
Therefore, for every gram of NO2, 1.06 grams of urea solution is required.

(G.3)
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H.1. Flash Point Test Print-Outs

The results for both flash point tests gave a value of 160º F, or 71.11º F.
Test #1

Figure H.1.

Test #2

Print-outs From the Flash Point Tests Performed on the Challenge X B-20
Fuel
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H.2 Cloud Point Test Print-Outs

Both cloud point tests performed gave a cloud point of -10.0º C for the B-20 fuel
tested.

Test #1

Figure H.2.

Test #2

Print-outs for Cloud Point Tests Performed on the Challenge X B-20 Fuel
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H.3. Cetane Number Print-Out

The cetane test required multiple handwheel readings for both the Challenge X B20 sample fuel as well as the reference fuels. Using the calculation described in Section
4.1.4, a cetane number of 53.12 was calculated.

Figure H.3.

Recorded Handwheel Readings During Cetane Number Testing for the
Reference Fuels and the B-20 Sample
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H.4. Sulfur Analysis Content Print-outs

For the sulfur analysis of the Challenge X B-20, three different injection of the
fuel were tested. All values are shown in Figure H.4, with the sulfur content average
listed as B-20 1. The average sulfur concentration of 4.19 ppm is well below the
government’s ultra-low sulfur diesel (ULSD) requirement of 15 ppm.
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Figure H.4.

Test Results for B-20 Sulfur Analysis with Concentrations Listed in ppm
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Figure H.5.

Test Result for First Injection of B-20 into Sulfur Analyzer
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Figure H.6.

Test Result for Second Injection of B-20 into Sulfur Analyzer
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Figure H.7.

Test Result for Third Injection of B-20 into Sulfur Analyzer
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H.5 Distillation Print-Outs

Print-outs are included for each of the distillation tests performed on the
Challenge X B-20. The 90% distillation atmospheric equivalence temperature (AET)
was 312.1 ºC for the first test and 316.1 ºC for the second test.
Test #1

Figure H.8.

Print-out for First Distillation Test Performed on the Challenge X B-20
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Test #2

Figure H.9.

Print-out for Second Distillation Test Performed on the Challenge X B-20

APPENDIX I
NOX TESTS PERFORMED ON ORIGINAL SYSTEM
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Figure I.1.

The Individual Cumulative NOx and Vehicle Speed Data for the FTP-75
Drive Cycle with the Vehicle in Diesel only Mode and the SCR System
Deactivated
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Figure I.2.

The Individual Cumulative NOx and Vehicle Speed Data for the FTP-75
Drive Cycle with the Vehicle in Hybrid Mode and the SCR System
Deactivated
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Figure I.3.

The Individual Cumulative NOx and Vehicle Speed Data for the FTP-75
Drive Cycle with the Vehicle in Hybrid Mode and the SCR System
Activated
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Figure I.4.

The Individual Cumulative NOx and Vehicle Speed Data for the US06
Drive Cycle with the Vehicle in Diesel Only Mode and the SCR System
Deactivated
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Figure I.5.

The Individual Cumulative NOx and Vehicle Speed Data for the US06
Drive Cycle with the Vehicle in Hybrid Mode and the SCR System
Deactivated
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Figure I.6.

The Individual Cumulative NOx and Vehicle Speed Data for the US06
Drive Cycle with the Vehicle in Hybrid Mode and the SCR System
Activated
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Figure I.7.

The Individual Cumulative NOx and Vehicle Speed Data for the SCO3
Drive Cycle with the Vehicle in Diesel Only Mode and the SCR System
Deactivated
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Figure I.8.

The Individual Cumulative NOx and Vehicle Speed Data for the SCO3
Drive Cycle with the Vehicle in Hybrid Mode and the SCR System
Deactivated
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Figure I.9.

The Individual Cumulative NOx and Vehicle Speed Data for the SCO3
Drive Cycle with the Vehicle in Hybrid Mode and the SCR System
Activated
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Figure I.10.

The Individual Cumulative NOx and Vehicle Speed Data for the CX06
Drive Cycle with the Vehicle in Diesel only Mode and the SCR System
Deactivated
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Figure I.11.

The Individual Cumulative NOx and Vehicle Speed Data for the CX06
Drive Cycle with the Vehicle in Hybrid Mode and the SCR System
Deactivated
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Figure I.12.

The Individual Cumulative NOx and Vehicle Speed Data for the CX06
Drive Cycle with the Vehicle in Hybrid Mode and the SCR System
Activated

